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SECTIOR 1. INTRODUCTIOR AKD SUMHARY

INTRODUCTIOR

This document describes the test of a redundant Fly-By-Wire actuator
system designed by the Boeing Military Airplane Company, Seattle, Washington.
The system is designed to be two-fail -operate for electromechanical failures
and single-fail-operate for hydromechanical failures. Testing of the systeum by
DCI at Wright -Patterson AFB, Ohic, occurred duripng the period from May to
October 1983,

The design of the system is based on using a microprocessor to control and
monitor the ¢operation of a tandem actuator and recoufigure the system upon
component failure in the actuator. The microprocessor was not designed to be
failure tolerant. The testing conducted was a measurement of the iaput-to-
output characteristics of the system. The system was unueusgl in the use of a
microprocessor for failure detection and contrcl, and ian that electro-hydraulic
channels were run together in a nominal force fight configuration. The test
evaluation included operating the system in both loaded and unloaded configura-
tion.

SUMMARY

The system operated successfully with input/output characteristics
consistent with other Fly-By-Wire systems. The microprocessor was able to
identify failures and reconfigure the system successfully. However, there are
several characteristics of the mechanism for which improvement or careful
design is recommended. These are: (a) the piston seal should be designed to
accept the stresses resulting from the increased force fight in the presence of
digital noise, (b) the failure logic threshold is frequency depeundent and
should be set up to match the failure response requirements of the actuator,
(¢) without tracking equalization (as was the test system), bias mis-matches of
the servovalves degrade the threshold and signal fidelity, (d) the technique of
sampling and reusing failed q@hnnels after a failure has occurred caused
incorrect failure voting (it is recommended that it not be used).



SECTIOR II. SYSTEM DESCRIPTION

The Boeing Microprocessor controlled actustor which was evaluated is based upon
uging a tandem hydraulic actuator with two drive pistons. Each piston is
connected through a solenoid operated bypass valve to a servovalve. Each
servovalve contains two input coils and two LVDT s which measure spool
position. Imn the normal mode operation, both servovalvee are 18ed to drive the
actuator.

The actuator system is designed fc¢ be two-fail-operate for electromic failures
and single-fail-operate for hydraulic failures. Loss of supply pressure ¢t
two electronic failures in the section used to drive omne servovaive cause the
failure logic to bypass that servovalve. To provide the dusl-fail~operate
charatieristics, electronic servovalve models of the sponl position are used
for comparison with the actual spool position measured by the LVDT's. Two spool
position LVDT s aud two servovalve models are used for each servovalve. Only
one servovalve LVDT and one servovalve model pair’s cutput is connected tc¢ the
failure detection logic at a time. Four position signals ( a model and an LVDT
output for each servovalve) are used for failure detection. Wheun the failure
detection logic de.ermines there is a disagreement between any one of the four
signals and the other three, an action in the electronics associated with the
"failed" signal is initiated. If the failure iz associated with an "active"
channel, a transfer 1o initiated. This transfer is a switchiug of the input
coils used to control the servovalve associated with the "failed" sigral and a
simultaneous tramsfer of the spool LVDT and model position gignal output to
the alternate pair. If the failure is associated with a "model” channel, no
transfer occurs but a failure is declared and the output signal of tue failed
model channel is no longer voted with the other remaining channels.

The two bypass valves “one for each servovalve) are electrically controlled and
pressure operated. Ei.aer loss of hydraulic pressure tc the sarvovalve or tvo
voted failures in the electronice associated with the servovalve cause the
bypass valve to operate.

The failure detection logic design provides for automatically changing the
failure stati 8 of a channel after it is voted "failed". The cutput signsal of

the talled" (lectronlcs is Lontlnuously sampled to determine if it should
return to a "g.od" state again, If a "failed" channel’s output is correct for

2 specifi d number of consecutive samples and comparisons, the channel status
is changed from a "failed" to a "good" status. No change of assignuwent of the
act‘ve and mudel channel operation results from the change in the "failed"
charnel status, however the channel 1s used for failure monitoring.

Figure 1 is a schematic of the Boeing microprocessor control actuator system.
Figiuze 2 shows the microprocessor control equipment with its failure display
panel and digital 1uput sources. Figure 3 shows the actuator with the
interface panel mounted or top by DCI, 1In Figure 3 the actuator is clamped to
a test plate in preparation for the unloaded tests.

The central processing unit used by Boeing is an Intel 80/05 microprocessor.
DATEL analog I/0 units provided 16 channels of analog input end 16 chanuele of
analog output.

The actuator used for the system was a tandem electrohydraulic actuator, Part
Number HR 410046890, manufactured by HR Textron, Valencia, California. The
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actuator had a drive area of 3.1 square inches per section and a stroke of
+1.69 inches. Two flapper nozzle servovalves capable of an output flow of 2.25
gpm each were mounted on the actuator. Each servcvalve incorporated two LVDT s
which were used to measure the servovalve sgpool’s position. The servovalves
were a conventional flapper nozzle design. The frequency resporse at 25% input
was rated at -3 dB at 200 Hz with a plhase lag of 900 at 100 Hz. The actuater
incorporated two solenoid valves which were used to bypass one section of the
tandem actuator upon a second electrical or a first hydraulic failure.

Although Figure 1 shows four position transducers used to measure the actuator
position (as would normally be mechanized), Boeing mounted two position LVDT s
and split the outputs to simulate the four transducers. This was done because
of a limit of 16 A/D converters used in the microprocessor.

The failure detection circuitry design was based on sampling a failure a
predetermined number of times before voting a channel out and/or reconfigura-
tion, The failure detection was therefore a combiration of an amplitude and a
time window. This method wae used to minimize failure declaration semsitivity
to random short duration failures when the system was operated. The number of
samples required for declaration of s failure could be changed from the front
panel of the microprocessor. As with failure declaration, voting a sample
channel "good" again and using it for failure logic required a sample amplitude
window. The numbder of samples during which a previously declared fail chanmnel
had to operate prcperly before being declared "good" was variable from the
front panel of the microprocessor.

TEST EVALUATION

The operatiom of the Boeing Microprocessor system in its operate and fail
operate modes cgn be completely described by perfermance testing with selected
combinations of active channels. The status of the monitor channels (failed cr
operational) do not affect the input/output characterisitics of the system.
Therefore the test conditions used for performance measurement of the system do
not include all possible combinations of monitor channel status conditions,
since ne additional informatjion would be obtained.

The general test evaluations conducted on the system were “nput/output
performance measurements. These measurements defined both the linear
performance and nonlinear characteristics of the mechanization. Included in
the testing was evaluating the effect of failure inmsertion and input removal.
Because the system did not uee ejqualization to prevent force fighting in the
ccatrol actuator, performance measdrements with channel offsets were made.
Although Boeing had previously evaluated the unloaded performance of the
system, they had not tested the wechanism with the application of cutput loads.
The following Section III is the general test procedure used for evaluating the
system {This procedure has been used previously by DCI for evaluating other
flight control configurations.)
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SECTIGN III. GERERAL TEST PROCEDULE

The following general test procedure was used for evaluating the demonstration
system. This procedure defines the measured parameters and states t. : general
method used in making the measurement. The procedure is divided into the
. following categories:
l. Performance Megsurements
2. Failure Effect on Performance
3. Input Deviations Effect

4, Failure Transients

5. Failure Logic Detection Characteristics

PERFORMANCE MEASUBEMENTS
Tkreshoid

Static Threshuld "The minimum input change from zero level which causes
a measurable output change."

Procedure - Apply a slowly increasing + input until a measurable
output change occurs. Repeat for - input. Threshold is indicated by
the minimum input change for a measurable output clange.

Dynamic Threshold "The input level (at a particular frequency) required
te cause a measurable output level."

Procedure - A sinusoidal input at a selected frequency of 50% of the
bandpass of the actuator is applied to vhe actuator. The amplitude
of input to create a measurable output indicates the dynamic
threshold. The bandpass of the actuator is defined as the frequency
at which -3 dB amplitude or 90° phase shift occurs (whichever is
lower in frequency).

Frequency Response "With a siunusoidal actuator input, the frequency
response of the actuator is the relationship of the output to input
expressed as an amplitude ratio and phacse angle as a function of
frequency."

Procedure - Apply a sinuscidal input of an amplitude which is:

a. large enough to minimize the nomlinearity distortions of
threshold and hysteresis
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b. small emough to avoid velocity saturation in the frequency range
of interest. The ratio of output amplitude to input amplitude
and output phase angle relative to input is recorded.

The plot of the amplitude ratio and phase indicate the frequency

response.
Linearity "The deviation of output vs input from a straight line
relaticnship."”

Procedure ~ Apply an ipnput from - to + maXimum input while recording
the corresponding output position. Linearity is indicated by the
deviatiun of the plotted output vs input from a straight line drawn
between zero snd a point which minimizes the meximum deviation of the
plotted curve from the straight line. Repeat for + input to - input.

Hysteresis "The non-coincidence of loading and unloading curves."

]
Procedure - Apply a slowly varying input to the sctuator at up to 12 R‘
of the maximum input in the following sequence while recording the iq
actuvator output position: %
’
1. 0 to + direction iuput
Iha)
2. + ipput to - direction input §q
e
3. - input to + input 1

Repeat for an input up to 10% of the maximum input. From the plot of
output vs imput, the hysteresis is indicated by the difference
between + directionm actuator output position sad -~ direction output
positicn for the same input level.

Distortion 'The smount of deviation of the actuator output waveform from
the input waveform."

Procedure - The harmonic distortion, at the input levels used to
measure the frequency response, is recorded at sinusoidal input
frequencies of 10%Z, 50% and 100% of the baandwidth.

e e S I
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Time Response

Saturation Velocity "The maximum velocity at which the actuator is
capable of moving in each direction.”

Procedure - With the actuator at zero position, a maximum amplitude
input is applied to the actuator while the actuator motion vs time 18
recorded. The test is conducted for both directions of actuator
motion. The slope of the position vs time record indicates the
saturation velocity,

Step Responee "The time response of the actuator output to an applied
step input.”
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Procedure - Apply & step input to the actuator and record the
corresponding actuator motion. The amplitude of the step should be:

a. large enough to minimize the nonlinesrity distortion of threshold
and hysteresis

b. smsll enough to avoid velocity saturation.

FAILURE EFFECTS (& PERFORMANCE

Failure Effect "The change in the performance of a redundant actuator due
to input failures or internal failures of actuator components."

Procedure - Inject hydraulic or electrical ioput failures into the
actuator upnder tes%t to cause it to operate im its "failure
operational” modes. For each mode, measure the performance by
repeating the Performance Measurement tests. The input levels should
be maintained at those used for the "no failure" performance tests,
unless the performaunce changes dictate different levels in order to
obtain reasonable test data.

INPUT DEVIATI(HS ¥FFECT

Elsctrical Input Deviations "The change of electronic inputs, both power
and control, with respect to the normal values and/or each other.”

Procedure ~ Adjust the electrical inpute cne st & time until either
the maximum expected deviation of the input is reached or the failure
trip ievel is reached. Section 2.1 will be measured with each
electrical input deviation adjusted one at a time to the maximum
deviation expected or a value of 90X of that which will cause a
failure trip.

Hydraulic Input Deviations "The change of hydraulic pressure inputs with
respect to the normal values."

Procedure - Adjust the hydraulic inputs ome at a time until the
maXximum expected deviation or a failure trip level is reached. The
performance parameters of Section 2.1 will be measured with each
hydraulic input adjusted one at a time to the maximum deviation
expected or a deviation value of %0X of that which will cause a
failure trip.

FAILURE TRAKSIENTS

Electrical Failure Transients "The change in actuator output duriuy
failure corrective action due to electronic input failures causing
transfer from one cperational mode to another."

Procedure - Apply a slowl, changing input to vne control chanmnel of
the actuator. Record the actua.or output change during the
corrective action of actuator. Repeat the test for each control
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channel input and failure mode condition. Repeat for a hardover step
input.

Apply a sinusoidal input to all channels. Open each input while
recording actuator output.

Hydraulic Failure Transients "The change io actuator output during
failure removal corrective gction due to hydraulic input failures
causing transfer frow one operational mode to another."

Procedure ~ Apply & slowly decreasing hydraulic inoput to ome control .
channel of the actuator. Record the output change during the
corrective action of the actuator. Repeat the test for all hydraulic
inputs. .

Repeat the preceding test with a rapid decrease of hydraulic input
pressure.
FAILURE LOGIC DETECTIOR CHARACTERISTICS

Logic Detection Characteristics "The difference in multiple input time
histories which wiil cause a failure logic to declare a failure."

Proceduze (Static Failure Detection Level) ~ Apply a slowly
increasing input to one channel of the system while maintaining the
other channel inputs at zero level., The voltage at which the chsnnel
ic declarcd failed, expressed as a percentage of the input for
maximum position and a percentage of the iuput for maximum rate is
the static failure detection level."

Procedure (Dynamic Failure Detection Level) - Apply a slowly
increasing input to one channel of the system at frequencies from DC
to a frequency at wvhich the system response is attenuated by at least
15 dB, The other channel inputs are maintained at zero levels. The
voltage at which the chanvel is declared failed, expressed as a
percentage of the input for maximum position and a pecentage of the
input for maximum rate is the dynamic failure detection level."




IV. SPECIFIC TEST PROCEDURES

Ay

TS ST

SYSTEH SETUP

For all tests except the input deviation tests, the failure detection level was
set at channel differences correspon.ing to 35% of the servovalve stroke. This
value was established by performing one complete series of input testing to
establish that nuisance disconnects would not occur. For the system operation
the failure logic was set to declare a failure after 3 iterations of detecting
. the failure. Initially, the failure logic was allowed to declare "good" &
previously failed channel after it tested good for 9 iterations. However
during the failure detection tests, it was discovered that the failure logic
would vote incorrectly because of a previously failed chamnel. Therefore, the
failure logic was set so that it would not use a previously failed channel.

In orde~ to allow injecting multiple inputs into the microprocessor it was
necessary to change the input method, The system as delivered by Boeing
allowed only a single signal input (the same signal iuput) for all four
channels. This limitation was due to the number of A/D converters that had
been installed in the microprocessor. In order to investigate the effect of
input deviations, the test inputs were summed with the four feedback signals
and the normal signal ipoput connected to ground, This iaput conmection
method was electrically equivalent to driving each of the four channels with
separate inputs.

To investigate the effect of hydraulic failures and deviations on the test
system, the two hydraulic supplies were connected through pressure reducing

valvag,

DEVIATIONS ARD/OR ADDITIONS TO THE GENERAL TEST PROCEDURE

\
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Because the microprocessor was not designed as a failure tolerant electrical
control device, no testing of the effect of electrical power changes to the
microprocessor was conducted.

.

In order to make the distortion measurements on the test system, a chart b
recording of the output wave form was made, The harmonic distortion enalyzer ;{.
cormally used for this test does not provide reliable distortion measurements v~y
at frequencies below 3 Hz. Since the Boeing system frequency response =
attentuated rapidly above 3 Hz, a chart recorder was used to record waveform v
fidelity. In evaluating the effect of input deviations, the system was run C
with D.C. bias inputs. This was done in order to evaluate the eifect of null '3
offsets of the servovalves which control the tandem actuator (since no K%
compensation of the force fight between control channels was included in the i&
. system). ;
As part of the test evaluation, the system was run with the output of the ;(
actuator subjected to a load force. This test condition was added to If
investigate the sensitivity of the system to loads; particularly whes operating o
with servovalve null offsets. Two 19ad conditions were used. One condition -?ﬂ
was with the load system providing s linear spring rate of 10,000 pounds per i
inch around the test actuator midstroke position. The eecond load condition o
wat with an applied spring gradient load of 5,500 pounds per inch and the };
o |
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actuator positioned 0.85 inch from midstroke. This created a bias load of
4,675 pounds with a spring rate of 5,500 pounds per imch.

SPECIFIC TEST CONDITIONS

The following list definee test concitions veferenced in Table I applied to the
actuator during testing. Table I is a 1ist of the specific test conditions
used in evaluating the Boeing servoactuator. On Teble I the follow applies:

No suffix on test condition mumber Actuater unloaded, uncoupled

"A" auffix on text condition number Actuator conmected to 1l)rad system
with the load commanded to zero

"B" suffix on test condition number Actuator connected to load system
with an appiied linear symmetrical
10,0001bs/in. ioad around test
artuator midstroke position

"C® suffiz on test condition number Actuator connected £t load system
with an applied load of 5,500
1bs/in. Actuator positioned 0.85 in.
from midstyroke, creasting a steady
bias load of 4,675 1bs,

Test conditions I through 20 are operating conditions for the test system. For
each opcrating system, the entire series of performaiiCe measurements &re rum
(including the test conditions 1 through 20 which have suffixes A, B, and C).

Test conditions 1 through 4 are baseline tests with the system operating
normally.

Test conditions 5 through 8 are designed to evaluate the affect of electrical
input failures on the test system. ‘The test conditions ave for a single first
failure into the various four inputs. After the failure injection, the system
operates in a fail operste mode.

Test conditions 9 through 12 are designed to evaluate a failure effeci on
performance with two channels failed.

Test condition numbeyr 13 is operation of the system with one hydraulic failure.
Channels 1 and 2 are both powered by the hydraulic system section which is
subjected to a failure condition.

Test conditions 14 through 19 are operational conditions of the system with
both control and power input deviations. These test conditions allow
evaluating the system with a range of inputs corresponding to deviations which
would not be detected as failure conditions.

Test conditions 14, 15 and 16 reflect electrical null effects which are less
than the nuil shift which would cause a failure to be declared.
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Test conditions 17, 18 and 19 reflect a hydrauvlic supply pressure reduction
from normwal system pregsure.

Test condition 20 is used to evaluate the system with the normal channel
mismatch "nulled” out. Since the system did not use any compensation for null
mismatches, this test condition corresponds to the best operating condition
attainable with respect to force fight.

Test conditions 21 through 30 (inciuding those with suffix B and C) are the
failure transient tests. These test cenditions define the method of testing
. for output changes with specific input failures.

TABLE 1
TEST CONRDITIONS BOEING
RECOIFIGURABLE FAIL OPERATIVE SERVOACTUATCR

Condition

Rumber
1 Channels 1 and 3 active - nc failures
2 Channels 1 and 4 active ~ no failures

nc failures

Channels 2 and 3 active

Channels 2 and 4 active - no failures

Channels ! and 3 active, Channel &4 failed, Channel 2 model
Chanrels 1 and 4 active, Channel 2 failed, Channel 3 model
Channels 2 and 3 active, Channel 1 failed Channel 4 model
Channels 2 and 4 active, Channel 3 failed, Channel ! model
Channels 1 and 2 failed, Channel 3 active, Channel 4 model
Channels 1 and 2 failed, Channel 4 active, Channel 3 model
Channels 3 and 4 fsiled, Channel 1 active, Chenpnel 2 model
Channels 3 and 4 failed, Channel 2 active, Channel I model
One hydraulic failure (Channels 1 and 2) (zero psi)
Channel 3 - bias to 90% of trip level

Channel 2 + bias to 90%Z of trip level

Channel 1 and 3 with opposing input offsets

|
|
|
|
|
i
|
!
|
|
|
i
I
!
|
I
|
|
I
|
|
|
|
|
I
|
|
|
I
|
I
|
|
I
{ Channel 1 + bias and Channel 3 - bias to 902 of trip level
I

Channels 1 and 2 at 2K psi




TABLE 1
TEST COHDITIONS BOEIHG
EKECOHFI( RABLE FAIL OI'ERATIVE SERVOACYUATOR (CORT D)

Condition |
Humber |
| -
18 | Chaonels 1,2,5 and 4 at 2K psi
|
19 | Channels 3 and &4 at 2K psi
|
20 | Channel!s 1 and 3 active - no failures - Bias on chanpel 3
! to pcessure null acrive chanuels.
|
21 i Ground inputs to channels 2,4,]1 sequentially with system
| initially operating 14,2M,3A,4M and 50% extend (+4.5 volts
| at all inputs.)
|
22 | Apply a ramp of zero to 1 volt at 0.4 volt/sec. (+1.0 volt at
I 0.1 Hz) to channels 1,2,3 sequentially with the system at null.
| (Systea initially operating 1A,2M,3A,4M,)
i
23 | Apply a ramp of zero to 1 volt sequentially to chaunels 1,2,3
| with system nperating at 1/2 the bandpass frequency with
| maximum unsaturated input smplitude. {System initially
| operating 1A,2M,3A,4M.)
|
24 | Ground inputs to channels 1,2,3 sequentially with output at
l 50% extend and initrially operasting at 1A 2M 34 ZM,
|
25 | Ground inputs to channels 1,2,3 sequentially with cutput at 50%
! retract and initially operating at 1A,2M,34,4M.
|
26 | Ground inputs to channels 1,2,3 sequentially with system @15
| operating at 1/2 the bandpass frequency with maximum s
I unsaturated input. (System initially operating lA,2M,3A,4M.)
!
27 | Apply +9 volts sequentially to channels 1,?.3 with system
| at nuil and operating at 1A,2M,34,4M.
|
28 | Appiy -9 volts sequentially to channels 1,2,3 with system
| at null and operating at 1A,2M,3A,4M,
]
]
29 |  Apply +9 volts sequentially to channels 1,2,3 with system L
| operating at 1A,2M,3A,4M and 1/2 the bandpass frequency
| vith maximum unsaturated input amplitude.
|
30 | Apply -9 volts sequentially to channels 1,2,3 with system TN
! operating at lA,2M,3A,4M and 1/2 the bandpass frequency
| with maximum unsaturated input amplitude.
i
lA,i1B,1C | Channels 1 and 3 active - no failures
!
2A,2B,2C | Channels 1 and 4 active — no failures N
|




TABLE 1
TEST COMDITI(HS BOEING
RECCHFIGURABLE FAIl. OPERATIVE SERVGACTUATOR (CONT’D)

operating initially at 1A,2M,3A,4M and 1/2 the bandpass
frequency with waximum unsaturated input amplitude.

Condition |
Kumber |
|
34,3B,22 | Channels 2 anéd 3 active - no failures
1
4A,AB,4C | Channels 2 and 4 active - no failures
|
98,9C | Channels 1 and 2 failed, 3 active, 4 wecdel
|
118,11C | Chaunels 3 cnd 4 failed, 1 active, 2 model
i
14B,14C | Chapnel 3 ~bias to 90% of trip level
|
15B,15¢C | Channel 3 +bias to 90% of trip level
|
16B,16C | Channel 1 and 3 with opposing input offsats
i Channel 1 +bias, Channel 3 -bias
I
22B,22C | Apply a ramp of zero to 1 volt at 0.4 volt/sec.
| (+ 1.0 volts at 0.1 Hz) to channels 1,2,3 sequentially
| with system at null. (System initially operating 1A,2M,3A,4M.)
|
238,23C | Apply a ramp of zero to 1 volt sequentially to channels
i 1,2,3 with system operating at 1/Z the bandpase frequency =
I with maximum unsaturated input amplitude. (System initially F
I operating 1A,2M,3A,4M.) X
| e
24C | Ground inputs to channels !,2,3 sequeutially with output :;
| at 50% extend and initially operating at lA,2M,3A,4M. N
' :
268,26C | Ground inputs to channels 1,2,3 sequentially with system ~
| operating at 1/2 the bandpass frequency with maxXimum t:
I unsaturated input. (System initially operating 1A, 2M,3A,4M.) F:
| 3
27B,27¢C | Apply +9 volts sequentially to channels 1,2,3 with gystem at
| wull and operating at 1A,2M, 3A,4M,
| s
288,28 | Apply -9 volts sequentially ro chanuels 1,2,3 with syestem at :5
| null and operating at 1A,2M,3A,4M, N
i N
29B,29C | Apply +9 volts sequentislly to channels 1,2,3 with system &
| operating initially at 1A,2M,3A,4M and 1/2 the bandpass
| frequency with maximum unsaturated input amplitude.
|
308, 30C | &pply -9 volts sequentially to channels 1,2,3 with system
|
I
I
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V. TEST RESULTS

GENERAL

The teat results presented in this section are arranged in the following order:

A. UNLOALED TEST RESULTS

Static Threshold Test Conditions 1 through 20%
Dynamic¢ Threshold Test (onditions 1 through 20
Frequency Response Test Conditions 1 through 20
Hysteresis Test Conditions 1 through 20
Saturated Velocity Test Counditions 1 through 20
Lineagrity Test Conditions 1 through 20
Step Response Test Conditions 1 through 20
Failure Traansients Test Conditicmeé 21 through 30%*

*Note that test conditions 1 through 20 include the fecllowing sub-groups:

Baseline tests (Conditions 1 through 4)
Single Electrical Fzilures (Conditions 5 through 8)
Dual Electrical Fagilures (Conditions 9 through 12)
Hydraulic Failure (Condirion 13)

Input Deviation Effects (Conditions l4 through 19)
Force Fight Nulling (Condition 20)

**Note that test conditions 21 through 30 define the procedure used to obtain
the failure transient time history.

3 B. LOADED TEST RESULTS
-'1 Static Threshold Test Conditions 1A through 4A¥*
. Dynamic Threshold Test Conditions 1A thkrough 4A

g Frequency Response Test Conditions 1A through 4A
o Hystetesis Test Conditions 1A through 4A
i Saturated Velocity Test Conditions lA through 4A
P Linearity Test Conditions lA through 4A

: Step Response Test Conditions lA through %A
h Static Threshold (Test Conditions 1B, 1C through
Dynamic Threshold 4B,4C; 9B,9C; 11B,11C; 14B,14C
) Frequency Response through 16B, 16C)

2 Hysteresis

Failure Transienta (Test Conditions 22B,22C

23B,23C,24C
268, 26C throuwgh
308,30C)**




*Note that test conditions with the suffix A are tests with the load systen
commanded to "0" load.

**Note that these test conditions define the procedure used to obtain the
failure transient time history.

C. DISTORTION (OUTPUT/INPUT FIDELITY) TEST RESULTS

The distortion test results rre presented as waveform recordings of the input
command signal and the output ¢f the position transducer used to measure the
actuator position. The data is presented in the following order:

1. Output Fidelity - As a Function of Input Level - Normal
System @ 1/2 Bendpass Frequency

2. Output Fidelity - As a Function of Channel Offset Bias -
N¢ lLoad - 10% Inmput

3. Output Fidelity -~ As a Function of Channel Offset Bias -
Symmetrical Load -~ 10% Imput

4. Output Fidelity - As a Function of Channel Offset Bias -
Offset Load ~ 10% Input

»n
3]
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ity
Load - 3% Input

o
(9]
Lr

[4]

Symmetrical

6. Output Fidelity - As a Function of Channel Offset Bias =~
Offset Load - 3% Input

7. Output Fidelity - As a Function of Channel Offset Bias -
Symmetricel Load - 1% Imput

8. Output Fidelity ~ As a Function of ©Chavnnel Offset Biae -
Offset Load - 1% Inpui

In order to reduce the volume of test data presented in this section, the
majority of the performance measurement data has been reduced to tabulated
form. The principal exceptions are the results for step response and failure
transients, Since time response characteristics are not well defined by
listing only one or two characteristic values, the step response measurements
and the failure transient measurements are presented as recorded., Alego
presented in graphical form is the data taken for the measurement of
input/output linearity. The results are presented in tabulated form for the
following tests:

1. Static Threshold

2. Dyuamic Threshold

3. Frequency Responsc




4. Hysteresis

3. Saturation Velocity

For the test results reduced to table form, a sample of representative recorded
data is included for the test.

In presrenting the meagurements of threshold and hysteresis, the results are
given both ir percent of the input for full actuator stroke and percent of the
input for full valve stroke. In terms of the full actuator stroke, the
percentage value for a given aumount of hysteresis reduces as the maximum stroke
of the actuator increases. Presenting percentage in terms of the input for
maximum control valve stroke shows the threshold and hysteresis characteristics
better in terms of comparing different control valve driving mechanizationms,
independent of the stroke sizing of the power actuator.

SFECIPIC UNLOADED TEST RESULTS

Figure 4 shows the Boeing actuator as mounted for the unloaded tests. Note the
two position transducers used to megsure the actuator position mounted on the
outside of the actuetor.

Static Threshold

Figure 5 ehowe the data recorded ia estabiishing the atatic threshold for
condition 1, Note that the 0.1 Hz remp input is slowly iocreasing with
increasing time. The threshold value is determined by the first input
amplitude where the actuator output starts to respond to the control input.
Note that the noise content of the output signal reflects an output change of
0.004 inch peak to peak. The noise is a reflection of the force fight between
the servovalves and Jdigital processing causing a amall amplitude hunting. The
upper edge of the noise shows the actuator respouding to the 0.1 Hz input ramp.
Table 2 shows the static threshold wmeasured for teat conditions 1 through 20.
The change in threshold levels is generally a reflection of test conditioas
which change the force fight, pressure gain or sesl friction force levels of
the test system.

As shown in Tuble 2, test conditions 1, 2, 3 and 4, threshold measurements are
made with different combinatione of active channels and no system failures.
There is no change of threshold as s function of the particular cowbination of
active channels, indicating that the initial null conditions of the control
valves are reasonably well matched. Null mismatches between the active
channels will cause a force fight and a corresponding increase in threshold.

Test conditions 5 through 8 are operation of the system with single channels
failed. As compared to no channel failures there is a slight increase in the
static threshold. The variation in the threshold reflects the relative force
fight and cull conditions of the channel combination.




Boeiug Actuator Mounted for Unloaded tests




Date Prepared 9/15/83

TEST ITEM - Boelng Reconfigurable Fail Operative
Fly-By-Wire Servoactuator
TEST ~ Static Threshold - Condition 1 .

Scale: Input = 0.002 v/div
Xout = 0.000374 in/div
t = 1.0 div/sec -

Figure 5. Static Threshold - Condition 1
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TABLE 2
STATIC THRESHOLD

TEST ITEK: Boeing Reconfigurable Fail Operative DATE PREPARED: _9/14/83
Fiy-By-Wire Servoectuatox

TBS8T: Static Threshold

S ad Ty VTSR e e

| !
Teat | | Static Threshold
Condition | Pk to Pk | |
| Input Voits ! 2 of Max Imput | % of E, Max
| I |
1 ! 0.008 [ 0.044 [ 0.500
i | !
2 [ 0.008 [ 0.044 : 0.500 gg
| | N
3 ! 0.008 | 0.044 l 0.500 o
I I I o
4 l 0.008 I 0.044 l 0.500 A
| | |
5 | 0.010 l 0.056 [ 0.625 X
| 1 |
6 I 0.012 | 0.067 ; 0.750 2
i |
7 l 0.012 [ 0.067 | 0.750
| i ]
8 ! 0.014 [ 0.078 l 6.875
| | |
9 | 0.014 | 0.078 | 0.875
| 4 | |
10 [ 0.014 [ 0.078 | 0.875
| | i
11 | 0.010 | 0.056 l 0.625
| | |
12 | 0.010 | 6.056 l 0.625
| | |
13 l 0.017 i 0.094 | 1.063
| I |
14 l 0.00% [ 0.050 [ 0.553 .
| | | A
15 | 0.014 | 0.077 ! 0.875 3
| | | a
16 | £.008 l 0.044 | 0.500 gﬁ
. | | I
17 | 0.008 [ 0.044 | 0.500
| I |
18 i 0.006 | 0.033 : 0.375
i |
19 | 0.006 : 0.033 i 0.375
i
20 | 0.006 l 0.633 l 0.375 "
l I l i
A .J‘
3
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Test conditions 9 through 12 are measurements of the static threshold with two
channels failed. There is no significant difference between these test
conditions and the baseline end single failure measurements.

The static threshold with one hydraulic failure, test condition 13, is above 1%
of the input for maximum spool poeition. Thise is considerably greater thanm the
threshold measured for the baseline test condition 1 and reflects a reduction
in the force gain in relatiou to the seal friction for the actuator.

The effect of the channel bias levels on static threshold as measured for test
conditions 14 through 16 is nrot significant. For example, with test condition
14, the bias i8s in a direction which does not increase the threshold over the
baseline null wismatch. However, with test condition 15, the bias direction
does increase the static threshold.

Test conditions 17 through 19 are used to evaluate the affect of reduced
hydrsulic supply pressure to the test system. The effect of the supply
pressure reduction 1s a slight reduction in the static threshold as compared to
the baseline measurements. This is consietent with a reductior in seal
frictiou with a reduction in hydraulic pressure used in the actuator.

Test condition 20 with the active channels nuiled is the best operating
condition for the test system and yields a static threshold of 75 of the
baseline threshold. This threshold value is within to the 0.52 value typically

Dypamic Threshold

Figure 6 shows the data recorded in establishing the dynamic threshold for
condition 1, The input is a nominal 2 Hz sipusoidsl signal with the input
amplitude increasing with increasing time. The smplitude is increased by a
foctor of 2 over a4 minimum time of 5 seconds. The point at which the actuator
mo.ion starts to track the amplitude increase of the input is used as the
dynamic threshold point. Note that the output moves at the nominal 2 Hz
frequency in phase with the input over most of Figure 6. However, the output
amplitude does not increase with the input until s peak input amplitude of
0.050 volt is reached. As with the static threshold testing, changes in
threshold levels generally are reflections of test conditions which change the
force fight, pressure gain or seal friction force levels of the test actuator.

Test conditions 1, 2, 3 and 4 on Table 3 are the dynamic threshold measurements
with different combinations of active channels and no system failures. There
are only minor changes of dynamic threshold with the different combinatioms of
active channels, This indicates that the dynamic response of the control
channels are well matched over the frequency bandpass of the test actuator.

Test conditions 5 through 8 which eveluate the system”s dymamic threshold after
one electrical failure, show an incrcase in dynamic threshold for only test
condition 8. The increase reflects the relative force fight and null condition
of test conditior 878 particular channel combination.




Date Prepared 9/14/83

TEST ITEM - Boeing Reconfigurable Fail Operative
Fly-By-Wire Servecactuator

TEST - Dynamic Threshold - Conditiom 1
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Figure 6. Dynamic Threshold - Condition 1
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TABLE 3
DYNAMIC THRESHOLD

TEST IYEM: Boeing Reconfigurable Fail Operative DATE PREPARED: 9/14/ 83
Fly-By-Wire Sexvoactuator

TEST: Dynamic Threshold

Test } : Dynswic Threshold
Condition | Pk to Pk |
| Input Volts | % of Max Input I X of E, Max
1 :"' 0.050 : 0.278 ! 3.125
2 : 0.058 } 0.322 : 3.625
3 : 0.060 : 0.333 : 3.750
4 : 0.055 ! 0.306 : 3.438
5 : 0.063 : 0.350 : 3.938
6 : 0.060 } 0.333 : 3.750 1
7 : 0.070 : 0.388 § 4,375 j;;
8 | 0.003 : 0.517 : 5.813 .
| I | he
9 | 0.050 [ 0.278 l 3,125 e -
| | |
10 I 0.040 j 0.222 [ 2.500 L
11 : 0.050 } 0.278 : 3.125
12 0.050 l 0.278 f 3.125
13 ; 0.053 : 0.29 : 3.313
14 : 0.033 : 0.184 ; 2,063
15 : 0.028 : 1.156 : 1.750
, 16 : 0.050 : 0.278 : 3,125
17 : 0.065 } 0.361 : 4.063
18 i 0.075 : 0.417 : 4.688
19 | 0.050 : 0.278 : 3.125
20 i 0.040 E 0.222 i 2.500
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Test conditions 9 through 12 are dynamic threshold measurements with two
electrical channels failed, leaving one servovalve bypassed aad one in commanrd
of the flow to the actuator. The dynamic threshold values axe the same or
slightly lower than the baseline values. This indicates that there is not much
mismatch between the two servovalve sections. A significant improvement in
dynamic threshold with only one channel operating would indicate a significant
force fight between the servovalve sections of the test system.

The hydraulic failure test (test condition 13) produces a dynamic threshold
similar to the two electrical failure conditions (conditions 9 through 12),
This can be expected, since in both cases the test condition is with only one
half of the actuator operating.

The effect of the channel bias conditions (test conditions 14 through 16) on
the dynamic threshold is not significant. Compared to the baseline dymamic
threshold of test conditions 1 through 4, the input bias can eitler improvz or
degrade the dynamic threshold slightly. For exemple, test condition 14 with
channel 3 biased with 2 negative input to 902 of the trip level input reduces
the dynamic threshold to 2/3 that of the baseline value. The dynamic threshold
measured with a positive bias input into channel three is also lower than the
baseline, indicating that the dynamic threshold was not dependant on the
particular bias level and polarity used, The double bias of test copdition 16
yielded a nominal threshold the seme as the baseline.

The effect of reducing either one or both of the hydraulic supply pressures to
2000 psi (test conditioms 17, 18 and 19) increases the dynamic threshold
slightly compared to the baseline conditions for conditione 17 and 18, The
dynamic threshold measured for test condition 19 is similar to the baseline
measurement. The increase is consistent with the reduction in the
pressure/flow gain of the servovalves which results from a decrease in supply
pressure to the servovalves.

Test condition 20 with the active channels uulled (a best operatiag conditiom)
yields a dynamic threshold of 80GZ of the best baseline measurement. This
result 1s to be expected. A nulled operating condition of the servovalves
gives the highest pressure/flow gain for the servovalves operating together.

Note that the dynamic threshold values are nominally 5 times the values for the
static threshold, This 1s due to the dynamic threshold measurement requiring
flow from the valve as well as pressure. This effectively reduces the
servovalve pressure gain, increasing the input level required to overcome the
force fight and seal friction effects.

Frequency Response

Figure 7, the frequency response measured with test condition 1, 1is
representative of the data obtained for all the unloaded frequency response
measurements. Note that the actuator output motion (at 0 dB ampiitude) is 10
percent of the full stroke of the actuator. The input level corresponding to
the 10Z output motion met the criteria of minimizing the effect of threshold
and hysteresis on the frequency response measurement and of being below the
level at which xate saturation cccurs.
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Table 4 lists the frequency rxesponse for test conditions 1 through 20 in terms
of the frequencies at which the -90° phase angle and the -3 dB amplitude ratio
point occurred. Because the shape of the frequency response curves for all
test conditions were similar (no amplitude peaking asd a phase lag of less than
~90° at the -3 dB frequency), the table listing provides valid indication of
the response change with the different test conditious.

Note that as shown in Table 4, the change of frequency response with change of
test conditions is quite small. The greatest change from the nominal baseline
values occurs with the bias changes of condition 14, 15 arnd 16, Condition 16
is the only test condition vhere the -3 dB frequency occurs below 3.00 Hz. The
range of variation for the -3 dB amplitude frequency is from 2.80 tc 3.50 Hz
for ali test conditions. The range of variation in the -90° phase angle is from
3.2 to 4.2 Hz. These ranges are ncminally 25% of the baseline values. Note that
in comparison, the baseline test conditions generate a variation in the -3 dB
frequency of from 3.00 to 3.40 Hz. (a nominal change of 13%).

Hysteresgis

Figure 8 shows the test data taker for the hysteresis measurement with test
condition 1. Table 5 lists the measured hysteresis for test conditions 1
througk 20. The data shown on Figure 8 was obtained with an irput variation nf
+10Z of the input for maximum actuator stroke. Note that the hysteresis plout
shows an output which is irregular, The plus direction and minus direction
output curves separate and then coincide with small changes in input command.
The hysteresis measurement as defined by "the difference between + direction
actuator output position and -~ direction output position for the fame input
level” therefore refers to a local condition ot input level. The irregularicy
where the + and - direction motions coincide is g linearity measurement, not a
hysteresis. Figure 8 is representative of the hysteresis data for test
conditions 1 through 8. These conditions operate with both servovalves active.

Test conditious 9 through 14 are with only cne servovalve operating. For these
conditions there is no force fight. The hysteresis plots for these test
conditicons resemble Figure 8 with smaller differences between the + and ~
dirvection motion.

Figure 9 shows the test data taken for the hysteresis measurements of Condition
15. The plot shows well separated + and -~ direction position lines with a
slightly larger difference than with test conditions ! through l4. The greater
separation is consistent with the bias change of condition 15 increasing the
null mismatch between the two controlling servovalves.

Figure 10 shows the test data for the hysteresis measurement for condition 16
with a different bias condition. The data shows an increase in the "mon-
livearity” of the pesition changes and a decrease in the sepuration between the
+ and - direction curves (compared to the baseline tests and other bias tests).
This verifies that the hystevesis (and linearity) of the system are functions
of the null conditions of the servovalve channels.
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TABLE 4
FREQUENCY RESPOMSE

TEST ITEM: Boeing Reccnfigurable Fail Operative DATE PREPARED: 9/14/83 _
Fly-By-Wire Servoactuator

TBST: Frequency kesponse

Test | Output /Input
Condition | -3 dB Hz ~-90° Hz P

) 1 : 3.40 : 4.20
2 ; 3.00 ; 4.00
3 i 3.10 | 4.00
4 | 3.00 : 4.00
5 : 3.30 : 4.00
6 ll 3.30 : 4.00
7 : 3.20 |I 3.90
8 i 3.40 i 4.00

9 | 3.50 i 4.00 N
10 : 3.50 : 4.00
11 : 3.50 : 4.00
12 : 3.30 |l 3.70
13 i 3.50 ; 3.8
3 14 | 3.20 |l 3.8
15 : 3.00 ! 3.20
16 } 2.80 1| 3.30
17 : 3.00 : 3.60
18 : 3.10 i 3.50
19 il 3.10 : 4.00
20 ; 3.20 i 3.8
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TABLE 5
HYSTERESIS

TEST XTEM: Boeing Recoafigurable Fail COperative DATE PREPARED: _9/14/83
Fly-By-Wire Servoactuator

TEST: Hysteresis

Test I
Condi tion | Z Full Scale 2 of E, Max
1 | 0.062 } 0.69 ‘
2 | 0.062 | 0.69
3 | 0.062 | 0.69
4 : 0.062 : 0.69
5 | 0.082 : 0.92
: | eom 1 o
7 | 0.082 2 6.92
8 ; 0.082 : 0.92
_ 9 ! 0.041 i 0.46 Gt
rJ 10 ! 0.041 i 0.46
11 : 0.041 : 0.46
12 | 0.041 | 0.46
13 : 0.041 : 0.46
14 | 0,041 | 0.48
15 | 0.167 | 1.8
1 | com 1 o
17 : 0,041 : 0.46
' 18 : G.082 : 0.92
; 19 | 0.082 | 0.92 ' {
20 1: 0.041 :! 0.41




ALK
DR

837104, ~ Indujl
, E9E70-  9TL0- 680°1-

owu o+

nom o+

.WMIWwa.J|J_JW
S B
_;¥L__; S
92470 - o I
TSR AL
o
ot fmi
o o
2 w
- F -p— ———
£€9¢°0- 1+ - - |

.m | No_ - w«moMUummm

103en3IR0A193 9IIM-Lg-L14
aa13e19dp 11831 319€In3TITOSAY 3utalog

m
i ? s
R m

_

31

Hysteresis - Condition 15
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The effect of the degradation of hydrsulic supply pressure on the hystereris
(test conditions 17, 18 and 19) is not significant. The hysteresis measurements
are similar to that obtained with the baseline and single electrical failure
operating conditions. There is 8 slight increase with two-channel hydraulic
supply pressure degradation (test condition 18) as compared with a singie-
chaunel pressure degradation (test condition 19).

Test condition 20 (with the chaunels operating with the best null coundition)
gave hysteresis similar to that obtained with single sexrvovalve operation.
This is consistent, sinmce in both test conditione all force fight between
sections has been eliminated.

As expressed in terms of the voltage for marimum servovalve position, the
hysteresis is consistent with current electrohydrsulic two stage valves.
Howevar, comventional hysteresis loops were not obtained for most test
conditions. It appears that the calculated hysteresis values are lowered by
the effect of the small jrregularity in the poaition linearity.

Saturated Velocjity

Figure 1]l shows the dats recorded in measuring the maximum velocity for the
actuator for test condition 1, This figure is representative of the data
obtained for all the test conditions, As shown on Figure ll, & step command
input is applied a8 an input to all control channels. The actuator responds
after a short time delay by moving at maximum velocity until it reaches its
mechanical stroke limit. Note that the actuator starts from either full extend
or full retract position and moves through the full stroke. The saturated
velocity is calculated from the data as the slope of the actustor’e output
motion {dispiacement vs rime). Tabie 6 iists the caiculated values ags obtained
from the chart data. $mall variations in tlie calculated rates (0.1 ir/sec or
less) can be cousidered measurement error.

As ghown on Table 6, the saturated velocity remainc relatively unchanged from
the baseline test conditioms (1, 2, 3 and 4) for all test conditions. The
retract saturation velocity was slightly lower (by 15%) than the extend
velocity for all test conditioms, This was probably due to a slight difference

in the servovalve’s hardover output flowe (since the actuator drive areas were
all identical).

The extend velocity varied from 2.44 in/sec to 2.86 in/sec over the range of
test conditions 1 to 20. The difference in the saturated rates for test
conditions 1 through 4 indicate measuremeunt error. The servovalves were
hardover for all 4 conditions and no difference between different test
condition rates in one direction would normally be expected. Since the sctuator
cutput for the test conditions of Table 6 is wunloaded, the loss of one
servovalve chgnnel should have negligible effect on the muaximum actuator rate,
This is confirmed by the test re.ults for conditions 9 through 13,

The effect of servovalve bias shifts on saturated rate would normally be
negligible. The input command is large encugh that the servovalves are driven
hardover against their mechanical stops, eliminating any effect of input bias
levels. This is confirmed by the test results from test conditions 14, 13 and
16 which are in the range of the results from the baseline test conditions 1
through 4.
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Figure 11. Saturation Velocity - Condition |
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There is a slight degrading of the actuator rate with & reduction iun the
hydraulic supply pressure. This is shown by the results of test condition 17.
The flow from thea servovalves is a function of the gquare root of the supply
pressure, A reduction in supply pressure reduces the flow from the valve and,
thereby, the maximum actustor rate.

Linearity

Figure 12 shows the data recorded in measuring the output-linearity of the test
system for the system operating ir test condition 1. The measured results are .
representative of the results obtained for test conditions 2 through 20C. Since
the test system actuator acts as an integrator of flow, the measured linearity
is primarily a measure of the actuator position faedback tramsducer’s
linearity. Threshold and hysteresis can affect the linearity curve if they have
large values. However, for lipearity curves reflecting 1002 actuator stroke,
the emount of hystereeis (in terms of the maximum actuator stroke) would have
to be on the order of the rated linearity of the positicn transducer. For the
test system, the linearity rating of the position trsnsducer was 0.52 of the
full scale output, Since the threshold {Reference Table 2) and the hysteresis
(Reference Table 5) were both below 0.1% for all test conditions, the linearity
would not be expected to change with a change of test conditions from 1 thxough
20. This was observed from the test measurements. Figure 12 accurately
represents linearity for any of the test conditions 1 through 20.

Step Response

Figures 13 tbhrough 22 show the time history of the test system response tc¢
retract and extend step inputs for test conditions 1 through 22, The amplitude
of the step voltage change applied as an input to the test system is nominally
1.8 volts. This input causes the actuator output to change by l0Z of its stroke
range.,

Note that the general response of the test system to the step input is
initially a straight-line ramp. The final response into the commanded position
is a smooth approach at a decreasing rate. This is consistent with the
amplitude of step input applied. An error voitage (the difference between the
command and actuator position feedback voltage) of 0.800 volt is sufficient to
move the servovalve spool to a pusition stop., Ffor a step input voltsge of 1.80
volts, the servovalve spool is held hardover on its stop until the actuator has
moved enough to generate & ~1.00 volt feedback signal. Therefore the actuvator
initially moves at a constsnt rate to the 1.8 volt input step, as demonstrated
by the test results. The first 55% of the actuator step reponge is at maximum
rate. For the remainder of the response to the step input, the servovalve is
not saturated and the response reflecte the effect of the control loop
dynamics. The final response approach for all test conditions exhibits no .
overshoct or ringing. This is consistent with the frequency response test
data, which showed no peakiag.

As shown on the time response data for sll test conditions, there is a
winor difference in the retract direction and extend direction step response.
Theinitial reponse of the test system for the extend direction moticn is made

up of a8 time delay of 1 millisecond with no mezasured change of the actuator ”
position and a subsequent 2.5 millisecond time period where the actuator moves
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TEST ITEM - Boelng Reconfigurable Fail Operative
Fly-By-Wire Servoactuator

TEST - Step Response - Condition 1l and 2 Date Prepared_ 9/21/83
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Figure 13. Step Response - Conditions 1 & 2
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Fly-By-Wire Servoactuator

TEST ~ Step Response - Condition 3 and 4 Date Prepared 9/21/83
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Figure l4. Step Response -~ Condition 3 & 4
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TEST ITEM -~ Boeing Reconfigurable Fall Operative
Fly-By-Wire Servoactuator

TEST - Step Response -~ Condition 9 and 10 Date Prepared 9/21/83
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Figure 17. Step Response ~ Condition 9 & 0
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Figure 18.

Step Response - Condition 11 & 12
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TEST ITEM - Boeing Reconfigurable Fail OQperative
Fly-By-Wire Servoactuator

TEST - Step Response -~ Condition 15 and 16 Date Prepared 9/21/83
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is a direction opposite to that commanded by the step input. The 1 millisecond
time delay also occurs with the retract motion. The 2.5 millisecond time
period of "opposite motion" does not occur with the retract response. The
"opposite motion"” amplitude is small, being nominally 0.3% of the total
actuator stroke.

The step response is similar for all the test couditions. For test condition
18 with the hydraulic pressure to the servovalves reduced to 2000 psi, the
initial saturated rate of motion is 70% of the other test conditions with 3000
psi supply pressure. This agrees with the theoretical reduction of flow to
0.707 for a 1/3 reduction of pressure from normal.

Failure Transients

General

The failure transient data is presented in the strip chart form as recorded,
For each figure, the general arrangement of the data is from the top of each
figure down:

a. Channel Inputs 1 through 4 ( E;n)

b. Actuator Position (¥,,.)

c. Failure Ipdicate for Xctuator Section 1}

d. Failure Indicate for Actuator Sectiom 2

The channel inputs are used as failure injection points for the test systemn.
The actuator position trace shows the effect of the injected failure on the
system ouipui, The failure indicate time traces show the statec cf the voltages
used to drive the failure indicators for the two actuator sections. These
voltages change when the failure logic causes the bypass solenrids to operate.
The bypass solenoids drive bypass valves which disable an actuator section by
bypassing the actuator drive area. Note that the failuse indicate traces de not
show individual control channel status. Display lights on the front panel of ,
the microprocessor were used for that function. i

Note that the test conditions 2! through 30 define both the initial operating

status of the system and the input voltage changes used to cause the system to
change operating status.

Specific

Figure 23 shows the results of sequentially grounding the input voltages to
channels 2, 4 and 1. The system is operating initially with control channel 1
active, control channel! 2 monitor, control channel 3 active and control channel
4 as monitor. The actuator was initially commanded to a 50% extend posticn.

The significant resulc of this test is that there is no change in the actuator
position with the three input failures., Since the first two injected failures
are failures of model chaanels, no failure transient would be expected. The
third failure (input 1) is a failure of an active channel. Since the majority
vote failure logic has already detected two failures, the third failure causes
the voting logic to bypass both halves of the actuator. Since no external load
is applied, the actuatcr output remains stationary when the actuator sections :
are bypassed. Note that the failure logic does not bypass either actuator X
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section until the third failure occurs. Before the third failure, both active
channels 1 and 3 agree and are kept in control of their respective actuator
sections. Since the model chanmels 2 and 4 have already been declared failed,
only chaunels 1 and 3 are left for comparison. Whean channel 1 is then
“failed", the voting logic has no information to use to determine whether 1 or
3is the failed channel. The logic therefore declares a system failucre and
bypasses both halvee of the actuator.

Figure 24 shows the results of sequentially applying a ramp input of 0.4 volts
per second to channels 1, 2 and 3. The system is initially at aull and
configured with channel 1 active, channel 2 monitor, channel 3 active and
chsunel 4 monitor. The input signal used to generate the 0.4 voit ramp is a
triangle waveform input with a peak amplitude of nominally l volt aund a
frequency of 0.1 Hz. This test is designed to evaluate the effect of
"slowover” failure inputs on the output of the actuator.

Note that because of space limitations, Figure 24 does not show the input to
channel 4., However, because the input was maintained at 0 voltage during the
test, no significant information is lost by not presenting channel 4°s input
recnrding.

Note that the Fail Indicate 1] signal shows that section 1l of the actuator is
bypassed when the ramp into channel 2°s input reaches 0.375 volt. Channel 1
was already voted out wher the ramp applied to its input reached the failure
detection voltage. Channel 2 was then changed from monitor to sctive status
and the application of the slowover ramp to channel 2 caused the failure logic
to vote the chaunnel failure and the bypassing of section ! of the actuator.
Note that the voltage at which the failure was detected (0.375 volt)
corrcsponds to 47% of the voliuge maximum egpool stroke. This is slightly
greater than the 35% setting inputed for the failure detection level.

Note that upon the bypassing of section 1, the output of the actuator moves
0.075 inch or 2.2% of the actuator total stroke. This movement represents the
force gain of the "good" actuator section, and the amount of force fight
buildup when the second failure is detected. When detected, and upon the
bypassing of section 1, the actuator moves to the null position of section 2.
The third failure (the slowover into channel 3) causes the bypassing of section
two. Note that the actuator moves 0,205 inch before the failure is detected.
This is 6.1¥ of the total actuator stroke. The increase in actuator movement
between the second and third failure detection is due to the lack of force
fight, since Section 1 is bypoassed; and is simply the amount of the actuator
movement before the failure is detected.

Figure 25 shows the effect of applying a ramp input of 0.4 volt per second
sequentially to channels 1, 2 and 3 with the system operating with a sinusoidal
input into all channels. The amplitude of the nominal 1.5 Hz sinusoidal signal
is st the maximum input at that frequency without causing rate saturation, The
system is initially operating with chaonel 1 active, channel 2 model, ¢hannel 3
active and channel 4 model. The input to channel 4 is not displayed on Figure
25 for reasons of room. The input was maintained at the same sinusoidal irput
as the other chaonels before the application of the ramp input. Note that the
ramp input is created with the same triangular waveform input of 1 volt peak at
1 Hz tha:. was used for evaluating the effect of slowover input failures. The
purpose of this test conditicn was to measure the effect on the dynmamic output
of failure detection of slowover failures.
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As ghown by the actuator output motion shown on Figure 25, there 18 no
observable deviation of the output motion of the actuator until injection of
the third failure. The dynawmic response amplitude and waveform is not affected
by the failure detection. There is a slight null shift of 1/2 division (0.009
in,) when section 1 is bypassed (as indicated by the Fail Indicate 1 level
change) .

Figure 26 shows the effect of grounding the inputs to chanomels }, Z and 3
sequentially with the system commanded to a 50% extend position. The system is
initielly configured with channel 1 active, channel 2 monitor, channel 3

. active and chanpel 4 model. This test was designed to evaluate the effect of
signal loss failures to the control channels while holding an "off null"
actuator position. The sequence of failure injection is to inject failures
into the active channels of each actuator section first (Condition Zl injected
the grounding failures into the monitor channels firsat).

As showa on Figure 26, the failure logic detects the grounded inputs correctly
and switches control from the failed channels to the model. Since the failure
of chancel 1 and then 2 constitutes an actugtor section failure, the failure
lJogic bypasges section one of the actuator. The actuator output shows no
detectable change for the channel 1 failure and a small deviation of 0.55% of
the actuator stroke upon the bypass of section 1. The bypassing of the
actuator (as indicated by the actuator output change of 0.55%) occurs 0.8
second after spplication of the second faiiure input. This time length is
interesting as can be observed for other failure transient tests, the time
delay does not occur with hardover inputs with the actuator at null (test
condition 27). With the third input failure {grcunding of channel 3) the
actuator does respond to the input failure. During the 0.8 second delay
between the application of the failure inmput, the actuater moves (.18 inch or
5.33% of the total actuator stroke. The reason for the time delay or why the
delay does not occur for the similar test condition of hardover inputs applied
ic the same sequence to the channel inputs is not obvious. (Subsequent testing
of the miroprocessor counfiguration by Boeing in 1986 generated similar results.
The cause of the time delay was determined to be the ground return path design
which could be easily modified to change the charscteristic.)

Figure 27 shows the effect of grounding the inputs to channels 1, 2 and 3
sequentially with the system commanded te a 50X retract position. The system
is configured initially with channel 1 active, channel 2 monitor, channel 3
active and channel 4 model. As with test condition 24, this test was designed
to evaluate the effect of signal loss failures to the control channels while
the actuator is at an "off null” position. Test condition 24 evalusted the
extend initial condition and test conmdition 25 (the results of which appear oo
Figure 27) evaluates the retract initial position,

As shown on Figure 27, the failure logic detects the grounded impute correctly
and switches countrol from the failed channels to the model. Since the failure
of channel 1 and then 2 is an actuator section failure, the failure logic
bypasses section 1 of the actuator after the channel 2 failure. Note that the
actuator output shows a 1.33% deviation after both the first and second
failures. The deviation lasts about (.8 second. This time delay is idemntical
to the delay observed for the similar test conditionm 24 with the actuator
pusitioned at a 50% extend position. On Figure 27, the 0.8 sescond is apparent
in the time delay between the application of the second failure and the change
in the level of the fail indicate 1 switch which shows the bypassing of
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actuator section 1. Upon the grounding of the input to channel 3, the actuator
gection 2 is also bypassed. As shown on the X,utr trace, the actuator moves at
a constant rate to a position 4.21 percent of the total actuator stroke from
the initial retract position. This rate is approximately 0.18 inch/sec,
considerebly slower than the nominal 2.5 inches/sec maximum slew rate for the
actuator. Although the actuator is moving in the correct direction in response
to the grounding of channel 3°s input, the rate of movement does not reflect a
respcnse to a "hardover" amplitude input (which is effectively what the
grounding of channel 3”s input with the actuator retracted is). There is not
an apparent explanation for this minor aromoly.

Figure 28 shows the effect of grounding the inputs to channels 1, 2 and 3
sequentially with a sinusoidal input applied t¢ all channels. The amplitude of
the nominal 1.5 Hz sinuscidal input signal is at the ms&ximum that can be
applied to the system without causing rate saturation. The svstem is
initially configured with channels 1 and 3 active, chaonels 2 and 4 as
monitors.

As illustrated by Figure 28, the failure logic detects the failures correctly
and transfere control from and/or bypasses the failed channels correctly. For
the first failure, the X . recording shows that the transfer from channel 1
control to channel 2 ta%es 0.2 second. The transfer is a smooth amplitude
deviation of 0.18 inch oxr about 0.5% of the maximum actuator stroke. The
bypassing of actuator section 1 upon the second failure (channel 278 input)
appears to take less time (0.l second) with less output deviation than with
the first ipput failure. Note that with both the first and second input
failvres, the peak amplitude of the first half cycle of output motiun
immediately after the tailure transfer is 6.77 less then the peask amplitude of
the motiou before and sfter the failure detection. However, there is no
observable long term change in the output response to the siousoidal input
after each of the first two failures. The third failure causes the system to
correctly bypass actuator section 2.

Figure 29 shows the effect of applying +9 volts sequentially to channels 1, 2
and 3, The system is initially configured with channels 1 and 3 as active
channels and channels 2 and 4 a8 monitor channels. The imitial input of all
chaannels is et zero volts. The +9 volts is a hardover extend direction input
signal. This test condition is used to evaluate the hardover failure transients
with the actuator operating statically around a null position.

As shown on Figure 29, the failure logic correctly detects the failed hardover
ioputs and transfers and/or bypasses channels. Uvon the first failure input
into channel }l, the actuator output responds to the failure input briefly and
then returns to the null position., The output deviation amplitude for the
first failure is 0.037 inch or 1.!1% of the maximum actuator stroke. The
duration of the transient is less than 0.2 second. The response of the system
to tihe second input failure into channel 2 is similar (o the response of the
sy&tem to the first failure., The amplitude of the failure transient is G.037
inch with a duration less than 0.2 second. The system then returns to a
position offset from the initial null position by 0.014 inch. For both the
first and second failures into an active channel, the failurec transient is
reduced by the actuator motion causing the "non-failed" active channel to fight
the failed channel, The third input channel failure has no other active channel
to fight the actuator culput deviation and the failure transient is larger than
that experienced with the first two input failures,
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The failure transient resulting from the hardover input into chanmnel 3 results
in a deviation of 0.149 inch (4.46% of the maximum actuator stroke) before the
section 2 of the actuator is bypassed. The transient is simply the result of
the actuator moving at maximum rate in response to the hardover input until the
actuator section bypass occurs. Note that as shown on Figure 29, the actuator
output exhibits some low amplitude hunting (less than 0.5% smplitude peak to
peak) after section one of the actuation is bypassed. This is probably due to
the particular threshold characteristics of channel 3 and the digital
processing at the time of the hardover tests. The hunting does not occur omn
any other failure transient figures other than the hardover tests.

Figure 30 slLows the effect of sequentially applying a negative hardover input
signa) of -9 volts to the inputs of channel 1], 2 and 3. The actuator is
initially at null and configured with channel 1 and 3 active, channels 2 and 4
as monitors. This test condition is used to evaluate the hardover faiiure
transients with the actuator operating statically around a null position.
(Figure 29 showed the transients with positive hardover failures. Figure 30
shows the transients with negative hardover failures.)

As shown on Figure 30, there are only minor differences between the system
response with negative (retract direction) hardovers as compared with the
previous test results with positive hardover inputs. As shown by the X .
recording, there is no observable output transient with the first failure. %he
second input failure into chanmel two produces a null shift of the actustor
output of 0.019 inch (0.52 of the maximum actuator stroke). As with the
positive hardover inputs, the actuator output exhibitrs a low amplitude hunting
after section ! of the actuator is bypassed. Upon the imjection of the thixd

feilure, the actuator moves 0.158 inch before actuator sectioun 2 is bypassed.

Figure 31 shows the effect of applying a hardover +9 volt step input
sequentially into channels 1, 2 and 3 with the system operating with e
sinusoidal input into all channels. The system is initially operating near
null and the sinusoidal input is & nominal 1.5 Hz with an amplitude just below
that which creates rate saturation. This test condition is used to evaluate
the effect of extend direction hardover inputs on the system output with the

system cycling. The system is initially configured with channels 1 and 3 active
and channels 2 and 4 as model channels.

As shown on Figure 3!, the failure logic correctly transfers control from the
"failed” channels when the hardover inputs are applied. After the third
failure, both halves of the actuator are bypassed. From the Xo ¢ time
regponse, there is no failure transient that can be observed:. Note gﬁat the
actuator is cycling at 1.31 Hz at ar amplitude of 0.469 inch peak to peak (or
13.9% of the maximum actuator stroke).

Figure 32 shows the effect of applying 2 hardover ~% volt step inpur
sequentially into channels 1, 2 and 3 with the system operatimg with a
sinusoidal input into all channels. The system is initially operating near
null and the sinusoidal input is at a8 nominal 1.5 Hz with ar amplitude just
below that which creates rate saturstion., This test condition is used to
evaluate the effect of retract directicn hardover inputs on the system output
with the system cycling., The system is initially configured witk channels 1
and 3 active and channels 2 and 4 as models.
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As shown on Figure 32, the results of test condition 30 are similar to those of
test condition 29 with the extend hardover failure. The failure logic again
correctly identifies the failed inputs and switches control. There is no
apparent change in the X, ttace until application of the retract herdover
signal to channel 3.

SPECIFIC LOADED TEST RESULTS

Figure 33 shows the Boeing actuator mounted in the GPATR (General Purpose
Actuator Test Rig) for the loaaed tests. The load actuator is mounted at the
left end of the GPATR frame. The center of the GPAIR uses a load cell mounted
in the certer slide to measure the force applied to the test actuator. Figure
34 shows the attach mechanism used to mount the test actuator in the GPATR,
The right end of the test actuator is mounted to a support slug., The support
slug is prevented from sliding in its housing by a shear pin. The support slug
and shear pin are designed to prevent damage to the test actuator. In the
event that the load actuator malfunctions and applies a force to the test
actuator which is greater than the proof force for which the test gctuater was
designed, the shear pin breaks and asllows the tail stock of the test actuator
te slide freely. The rod ends of the test actuator are retained by pians which
are ground to be a light push fit into the rod end bearings.

In the test results presented in the following material, test conditions lA
through 4A were tests with the l1oad system active and commanded to "0" load.
These tests were used to verify that the load system static and dynamic
performance characteristics wculd not degrade accuracy of the test actuator
performance measurements. If the test system performance measuremeuts with “0"
commanded load were essentially unchanged from the measurements taken with the
actuator mounted out of the load system, the load system fidelity is judged
adequate.

For the loaded test condition numbers with suffix "B", the load system was
commanded to provide a linear spring rate load of 10,000 1bs/inch arcund the
actuator test actuator midstroke position. Note that the spring rate of 10,000
lbs/inch for 1oad "B" provided a load nearly the stall load of 186,600 1bs for
the test actuator.

For the loaded test condition numbers with suffix "C%", the load sycstem was
commanded to provide a spring gradient load of 5,500 1bs/inch arcund the nid-
stroke position. The actuator was positioned 0.85 inch from midstroke, creatiung
a bias load of 4,675 pounds towards the midstroke position. Note that che 5,500
lbs/inch spring gradient selected for load "C" proviced a load of 9,295 1bs to
the test actuator at the maximum actuator stroke of + 1.69 iuches. This load
is the stall load for the test actuator with one half of the tandem actuator
operating.

Static Threshold at "0Q" Load

Figure 35 shows the data recorded in establishing the static threshold for
condition lA, Note thst Figuie 35 is similar to Figure 5 (the static threshold
data representing the same measurement with the test actustor out of the
GPATR), Table 7 lists the static threshoid measured for conditions 1A, 24, 3A
and 4A., The thresholds measured ave identical to the results of the same test







Figure 34. Test Actuator Hount 1ty
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TESTY ITEM:

Bocing Reconfigurable Fail Operative
Fly-By-Wire Servoactuator

TABLE 7
STATIC THRESROLD - “Q" LOAD

TEST: Static Threshold in GPATR with "0" Load

DAYE PREFAREBD: _9/23/83

| i
Test | | Static Threshold
Condition | Pk to Pk | l

| Input Volts | %2 of Max Input | X of E, Max
| ! |
| | |

ia | 0.008 { 0.044 | 0.500
| |

2A | 0.008 | 0.044 ] 0.500
| | ]

3A ] 0.008 | 0.044 ] 0.500
| | |

4A | 0.008 | 0.044 | 0.500
| I |
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with the test ectuator out of the GPATR (as listed greviously im Table 2).
This verifies that the 1o0ading system operation does not affect the static
threshold performauce of the test system.

Figure 36 shows the data reco:ded in «stakblishing the dyramic threshold for
conditioa 1lA. The data shown on Figure 36 is similar tu the data recorded for
condition 1 with the test actuator operating in air. Table 8 liets the dypamic
threshold measured for conditions 1A, 2A, JA and 4A. The values are identical
with tile test comnditions 1 through 4 shown on Table 3, indicsting that the lcad
system does nobL affect the dynamic threshold performarce of the the test
system.

Figure 37 is representative of the frequency response test data recorded for
test conditions 1A through 4A. The recponse is similar to the data recorded
for test condition 1 through 4. As shown on Table 9, the frequency at which
the amplitude i8 atcenuated by 3 dB is nominally 3.55 Hz. This frequency 1is
nominally 10% higher than that recorded for similar test conditions 1 through 4
(reference Table 4). The frequency at which the phase lag of 90° occurs for
test conditions JA through 4A is 3.65 Hz. This is nominally 102 lower than
thet measured for test conditions 1 through 4 (reference Tahle 4). The load
system commanded to "0" load does affect the frequency response performance of
the test actuator slightly. Tie effect is a elight improvement in the
amplitude response and g slight decrease in the phase response characteristics,
neither of which is judged significant enough to invalidate the fregquency
responee weasurements of the test system under loaded conditions.

Figure 38 is representative of the hysteresis test data recorded for teet
conditions lA through 4A. Note that the data recorded on Figure 38 is very
siwijar ¢o the date presented con Figure 8 for test condition 1. There is a
non-coincidence of the output to input plot recurded for the two directions at
specific iuput voliage levels, As shown on Table 10, the levels of hysteresia
reflect the average separation at the different input levels. These valuee
agree with those measured ou the test actuator for test condicions 1 through 4
(reference Table 5). Connecting the load system with a "0" commanded load did
not create a measureable change in the hysteresis performance of the test
actuator.

Figure 39 is representative of the saturation velocity data recorded for test
conditions 1A through 44, The data shown on Figure 39 is similar to that shcwn
on Figure 1l for test condition 1. Table 11 lists saturetion velocities for
test conditicns 1A through 4A. The velocity is nominally 20% lesas than that
listed in Table 6 for test conditions 1 through 4. The reduction in saturation
velocity with a "0" commanded load reflects the affect of the load pressure
applied to the test actuator by the load system tracking the test actuator.
(Some winimum load is inherent with the load system in order to generate the
error signal which opens the load system’s control valve when tracking the
maximum velocity of the test actuator.) This percent reduction in saturated
rate reduction will not affect the loaded test results for the test sctuator.
Most of the test conditions applied to the test system maintain the actuator
rate well below saturation where little error signal is required for the Joad
system to track the velocity level of the test actuator. The primcipal effect
would be on hardover failure transients where tke reductiocn in saturated
velocity would potentially reduce the amplitude of the failure transients.
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TABLE 8
DYNAMIC THRESHOLD - "0" LOAD

TEST ITEM: Boeing Reconfigurable Fail Operative DATE PREPARED: _9/23/83
Fly~-By~Wire Servoaccuator

TEST: Dynawic Threshold in GPATR with "0" Load

Test
Condition

Dynamic Thresheld
Pk to Pk
Input Volts

2 of Max Input Z of E, Max

0.050 0.275 3.125

0.058 0.315 3.59

3A 0.060 0.330 3.750

4A 0.055 0.305 3.435
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TABLE $
FRRQUENCY RESPONSE - “0" LOAD

TE8T LITEM: BRoeing Reconfigurable Fail Operative DATE PREPARED: _9/23/83
Fly-By-Wire Servoactuator

TEST: Frequency Response in GPATR with "0" Load

Test Output 10Z Full Scale

Condition

~3 dB Hz ~90° Hz

3.60 3.70

3A 3.60 3.70

4A 3.50 3.60

I
[
!
!
|
3.50 : 3.60
I
!
I
|
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TABLE 10
HYSTERESIS - “0™ LOAD

TEST ITEM: BMHoeing Reconfigurable Fail Operative DATE PRRPARED: _9/23/83
Fly-By-Wire Servoectuator

TEST: Hysteresis in GPATR with "0" Load

l a
Test I
Condition I
I % Full Scale | 2 of E, Max :
I I
! l
1A I 0.062 l 0.69
[ [
2A | 0.062 l 0.69
I |
3A ! 0.062 l 0.69
I l
4A ! 0.062 l 0.69
! l
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T/ LB 11

SATURATION Vi OCITY - "0™ LOAD

Fly-By-Wire Servoactuator

TEST: Saturatior Velwcity im GPATR with "0" Load

DATE FREPARER: _9/23/83

|
Test |
Condition |
] Extend - in/gec { Retract - in/sec
| |
I |
1A | 2.15 { 2.01
| |
24 | 2,16 | 2,01
{ |
2A | 2,23 | 2.01
J |
4A | 2.1¢ ] 2.01
| |




Figure 40 is a plot of the output to input linearity for test comndition lA.
This is identical to Figure 12 for test condition 1, indicating the load system
commanded to "0" load does not affect the linearity performance of the test
system,

Figure 41 shows the reponse of the test actuator to a 10X of full scale input
for test conditions 1A and 2A, The step response is very similar to that shown
on Figure 13 for test conditious 1l and 2. The only measureable difference is a
slight change in the slope of the straight line motior of the test actuator as
it initially moves at maximum rate in response tc the step input command. The
cslope is about 10% less for test conditions lA as compared to condition
1. This change is consistent with the saturated rate change measured
previously. Figure 42 showing the step response for conditione 34 and 4A is
similar to Figure 14. Note that the initial response characteristic to the
step input for the extend motion as shown on boih Figure 42 and 14 is a small
movement in the retract direction. This characteristic is unchanged by the
GPATR "0" load operation.

Static Threshold at Lcad

Band €

Figure 43 shows the data recorded in establishing the static threshold for
condition 1B. Figure 44 shows the data recorded in establishing the static
threshold for condition 1C, The two figures are similsr and resemble Figure 5
for the unloaded condition 1. (Note that the X,,, 8cale on Figure 44 is 2.5
times the same scale as used on the other two figures.) The noise content of
the output signal for both load conditions B aud C is 0.004 inch peak to peak.
This ie the same noisc amplitude as measured for the unloaded couditions,
Table 12 lists the static threshold measured for the B load test conditions.
Table 13 lists the static threshold measured for the C load test conditione.
Note that on Table 12, the threshold wmeasured for conditions 1B through 4B are
identical. This is also true for conditions 1C through 4C listed on Table 13.
This characteristic could be expected since the test conditions are just a
reasgignment of the model and active roles between the channels,

Test conditions 9B and 11B are with half the test actuator operatiomal and the
other half bypassed. In both cases there is an increase in the measured static
threshold of about 50%. The threshold increase is similar to that messured omn
the unloaded actuator for the same test conditions. Note that the load
condition B provides zero load at null. For small displacements &round the
null condition B generates only small loads compared to the force output of the
test actuator. Therefore many of the measurements for load B will be similar
to those for the unloaded test actuator. The increase in threshold with one
half of the actuator opereting is probably due to the reduction in actuator
force gain compared to the actuator seal friction as compared to having both
halves of the actustor operating. Test conditions 14B, 15B and 16B are a
reflection of different bias conditions for the two sections of the actuator.
The changes in static threshold for these test conditions as shown on Table 12
simply show the dependency of the threshold performance om channel matching.
The bies changes vary the threshold from 662 to 166% ¢cf the threshold value
with no bias applied.

Test conditione 1C through 4C show an increase of threshold nominally tw) times
the unlcaded static threshold., This is congistent with the test actuator
holding a load. The load across the actuator drive pistous increases the
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TABLE 12
STATIC THRESHOLD - "B" LOAD

TEST ITEM: Boeing Reconfigurable Fail Operative DATE PEEPARED: 10/3/83
Fly-By-Wire Servoactustor

TEST: Static Threshold in GPATR with "B" lLoad

| |
Test | | Static Threehold
Condition | Pk to Pk | ]
| Input Volts | % of Max Input | % of E, Max
[ | I
I ! ]
1B ] 0.012 ] 0.066 i 0.75
{ | |
2B | 0.012 ! 0.066 ] 0.75
| | |
38 ] 0.012 f 0.066 | 0.75
i ! |
48 ! 0.012 | 0.066 | 0.75
! ! i
SE | 0.020 [ 0.111 l 1.125
| | |
11B | 0.020 | 0.111 I 1.125
I | |
143 ] 0.016 ] 0.088 ! 1.00
} ! |
158 | 0,016 | 0.088 | 1.00
! ! |
16B | 0.016 | 0.088 i 1.00
— I | |
83 .:u




TABLE 13
STATIC THARESHOLD - "C" LOAD

TRST ITEM: Boeing Reconfigurable Fail Operztive DATE PREPARED: 10,3/83
Fly-By-Wire Servoactuator

TEST: Static Threshcld in GPATKR with “C" Load

Test : : Static Threshoid
Condition | Pk to Pk I |
i Input Volts | % of Max Input | Z of E, Max
: — :
1c | 0.050 i 0.277 | 3.125
2C : 0.050 : 0.277 : 3.125
3C : 0.050 : 0.277 : 3.125
4C : 0.040 : 0.222 : 2.500
ac : 0.070 : 0.388 : 4,375
11C } 0.050 : 0.277 : 3.125
14¢ : 0.050 ; 0.277 : 3.125
15¢C : 0.160 ; 0.3888 : 10.000
16C ; 0.18% E 1.000 l: 11.250
i
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friction of the piston seals, increasing the threshold value. The threshold
measured for conditiors 9C and 1lIC with one half of the actuator operating show
changes from the threshold of test condicions 1C through 4C, The percent
increases are similar to those of the unloaded test conditions (reference Table
2), The test ccnditions 14C through 16C as shown on Tabie 13 show that bias
can vary the threshold wmeasurement. For this load, the bias conditiouns sll
generate thresholds somewhat larger than that measured with no applied bias.

From these m:asurements of static threshold, it is apparent that the
symmetrical load condition B does not greatly increase the static thresheld.
(A1l threshoid values are lees than 0.12¥ of waximum input and less tham ! 252
of the input for naximum servovalve spool strcke.) The effect of the bias .uad
C is to increase the threshcld by nominslly 902, However, the static thresheld
values still remain less 0.200 percent c¢f maximum iaput for all the load C
test conditions used.

Dynamic Threshold at loade B and C

Figure 45 shows the data recorded in establishing the dynamic threshold for
condition 1B, Note that as with the unloaded vests, the test actuator output
moves at the nominal 2 Hz input frequency but does not track the input
amplitude change until some miniuum input amxplitude is reached. This figure
is similar to Figure 6 for unloaded conditionm 1.

Figure 46 shows the data recorded for establishing the dynamic threshold for
condition JC. Note that the X.;: scale is half as sensitive on this figure as
on Figure 45. The effect of the load C is to suppress sowewhat (compared to
unloaded or load C conditions) the sinusoidal hunting before the output trecks
the ioput amplitude.

Table i4 lists the dynamic threshold neasured on the test actuetor for load
condition B, The meseurement values are very similar to those shown on Table 3
for the unloaded measurements, (The similarity is expected since load B
provides only small loads with smell motions around the centexed actuator
pogition.) The values for conditions IB through 4B are almost ideriical with

each other, as exfected. The loss of one half c¢f the actuator (test conditions
9B aund 11B) results in a negligible change in the dyuamic threshold. Test

condition 14B and 16B show bias conditions which ruduce the dynamic threeshcld
value nowminally 251 from that measured by no bias test concitions 1B through
4B. (These bias conditions reduce the servovalve force fight and improve the
small signal dynamic performance.) Note that for all teat conditiouns the
dynamic threshold input does not exceed 0.50% of the maximum cowmmand input (or
the correspornding 11.24% of the input to achieve maximum s»nool stroke).

Table 15 lists the dynamic threshold measured on the test aciuator for load
condition C. As stated previouely, this load crcates a bias load of 4.675
pounds towards the midstroke position (based upon th 5,500 1bs/inch gradient
and the .85 inch steady state position of the aciuator from the midstroke
position). With the actuaster holding a 1oad, the increase in internal gseal
friction uf the actuator due the cylinder presasure changes would increase the
actuator friction and the dynamic threshold., Comparing the Table 138 dynamic
threshold for conditions 1C through 4C to correspounding test coaditions 1}
through 4 on Table 3 show this effect. The dynamic threshold for load C is8
nominrally twice that for the unlouded zonditions. As with loead conditiun B,
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Date Prepsred_9/23/83

TEST ITEM - Boeing Reconfigurable Fail Operative
Fly-By-Wire Servoactuator

TEST -~ Dynamic Thresheld - Conditien 1B
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0.G00935 in/div

10 div/sec

Figure 45. Dynamic Threshold - Condition IB
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Date Prepared 9/29/83

TEST ITEM -~ Boeing Reconfigurable Fail Operative
Fly-By-Wire Servoactuator
TEST - Dynamic Threshold - Condition 1§

t g
ACCUCHART Gould Inc., tnstrument Systems Division
. i . n v*_n. Y &‘.“4‘\1 Hy W J:M

STITTTTITTY

BT T T

.- .'1.._._1_.,
",“‘{ -

Scale:
Input = 0.005 v/div ; '
'
out = 0.0018 in/div
. = 10 div/sec
L3 ..
;'-'j"

Figure 46. Dynamic Threshold - Condition IC
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TABLE 14
DYSAMIC THRESHOLD - "B™ LOAD

A T

TKSY LITEM: Boeing Reconfigurable Fail Operative DATE PREPARED: 10/3/83
Fly-By-Wire Servoactusator

TEST: Dynamic Threshold in GPATR with "B" Load

Test : i Dynamic Threshold
Condition | Pk to Pk i I
i Input Velts | 2 of Max Iuput I % of E, Max
: : |
1B | 0.070 | 6.777 | 8.75
2B : 0.085 : 0.944 : 10.63
3B : 0.075 i 0.833 : 9.37
4B : 0.060 | 0.666 : 7.50
9B : 0,080 | 0,388 : 10.00
A 11B ; 0.0% ; 1.000 ; 11.25
E 14B ; 0.058 i 0.638 i 7.18
158 : £.070 : 0.777 : 8.75
l6B E 0.G53 E 0.583 ; 6.56
I

:
£8 é
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TABLE 15
DYREAMIC THRESHOLD - "C* LOAD

TEST ITEM: Boeiag Reconfigurable Fail Operative DATE PREPARED: _10/3/83
Fly-By-Wire Servosctuator

TEST: Dynamic Threshold in GPATR with "C" Load

Test : : Dynsmic Threshold
Condition | Pk to Pk | |
| Input Volts | 2 of Maxz Input | Z of E, Max
: : :
1Ic | 0.105 | 0.583 | 6.563
2C : 0.075 : 0.417 : 4,688
3C : 0.115 : 0.639 : 7.188
4C : 0.095 : 0.528 : 5.938
9C : 0.100 : 0.556 : 6.250
11C ; 0.120 E 1.667 i 7.500
14 | 0.095 | 0.528 i 5.938
15C : 6.225 : 1.25 : 14,063
16C E 0.100 E 0.556 E 6.250
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there is very little chang- y.b test conditions 9C and 11C with one half of
the actuator bypassed, T _ effect of the bias varietions of test conditions
14C, 15C and 16C is that tes. condition 15C increases the dyuamic threshold to
twice that when no bias is gpplied. The biases used for test conditions 14C and
16C show little change from the no bias conditioms. This effect is similar to
that experieuced with load conditions B. The worst ccndition dynamic threshold
experienced with load C yielded a value of 1.252 of the maximum input.

The effect of the bias load of load C is to increase the dynamic threehold
compered to the unloaded or load condition B, Load condition B increases the
dynamic threshold very little over the unloaded case for similar test
ccnditious.

Frequency Response at Loads B and C

Figure 47 shows the frequency response data for test condition 1B. Note the
slight amplitude pesking (about 1 dB) at 1.6 Hz. This is a change from the
unloaded response tests which exhibited no peaking (refercnce Figure 7) and the
"0" load tests which exhibited 0.25 dB peaking (reference Figure 37).

Figure 48 shows the frequency reaponse data for test condition 1C, Note thst
the amplitude peaking is megligible (resembling the "0" load results of Figure
37.) The increased internsl seal friction due to the bias load may attenuate
the response peaking by increasing the dauping of the sctuator motion.

Table 16 lists the frequency response test results for the test conditions run
with load B. The test results reflect the effect of the amplitude peaking. For
the test conditions 1B through 4B, the -3 dB frequemcy occurs at 0.3 to 0.9 Hz
higher than fur the corresponding unloaded test condition (reference Table 3).
The -3 dB frequency occurs 0.15 to 0.4 Hz higher tlhan the "0" load conditions
1A through 4A. While the amplitude response "improved" with load B, the
frequency at rhich the -90° phase angle occurs decreased for all the load B
test conditions, The frequencies decrease varied from 0.7 Hz to 0.0 Hz.

Ne’.e that as listed on Table 16, test conditions 9B and 1iB with one half the
actuator operating reduces Loth the -3 dB and -%° frequencies about 10% from
those of the ctest conditions 13 through 4B. This is consistent with the flow
gain of the control valves being reduced more by a given lcad with one section
than with the same lcad being shsred by both halves of the actuatcor.

Test conditions 14B through 16B show a minor =ffect of control section bias
changes on frequency response. There is a nominal 0.45 Hz range change in the
-3 dB and -%0° frequencies.

Table 17 1ists the frequency response measured for the test conditions with
load C. For all test conditions with 10ad C, the -3 dB and ~90° frequeuncies
are from 0.3 to 1.15 Pz lower than that measured with the test actuator
un:lcaded (reference Table 4). This ie expected since the effect of the bias
load 1s to reduce the flow gain of the servovalves in responding to the command
inpute (in one directicn of motion). The frequencies at which -3 dB and -90°
for test conditions 1C through 4C are similar (a3 expected since the test
conditions are a reassigument of the active and model roles). The effect cf
running only one half of the test actuator (test conditions 9C and 11C) is to
reduce the frequency at which -3 dB occurs from 3.00 Hz with both halves of the
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TABLE 16
FREQUERCY RESPOMSE - "B" LOAD

TEST ITEM: Boeing Reconfigurable Fail Operative DATE PREPARED: 10/3/83
Fly-By-Wire Servoactuctor

YEST: Frequency Response in GPATR with "B" Load

Test ! Qutput 102 Full Scale
Condition |
] -3 dB Hz | -90° Nz
: —

18 l 3.75 ! 3.50
28 : 3.79 i 3.40
3B : 3.70 : 3.50
4B : 3.9 : 3.50
95 ll 3.30 ; 3.40
118 : 3,00 1 3.20
148 : 3.20 i 3.50
158 : 3.10 : 3.05
. 16B E 3.65 E 3.30

e -
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TABLE 17
FREQUERCY REEPOMSE - “C" LOALD

TEST ITEM: Bceing Reconfigurable Fail Operative DATE PREPARED: _10/3/83
Fly-By-Wire Servoactuator

TEST: Frequency Response in GPATR with "C" Load

|
Test | Output i0Z Full Scale
Condition |
| -3 dB Hz | ~909 H2
| |
| |
IC | 3.10 | 3.25
| |
2C | 3.00 | 3.25
| |
3¢ | 3.00 i 3.30
| [ .
4C | 3.00 | 3.25
] |
9C | 2.15 | 2.95 i
| i v
11C | 2.00 | 2,85 % .
| |
14 ! 3,20 : 5.60 P
| l
15C | 2.60 | 2.8
| | Al
16C I 2,55 I 3.10 Q.
[ |
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actuator operating to nominally 2 Hz. This is consistent with the reduced flow
gein from the servovalve when the load is carried by half of the actuator. The
effect of the changing bias conditions 14C, 15C and 16C show some effect ca the
frequency response, with the bias condition 14C giving the best frequency
response of the three conditions. This response was an improvemeunt over the
"no bias" conditions JC through 4C.

Load C degraded the frequency response more than load B. Both load conditions
reduced the frequency response from that of the unloaded test conditions, The
reduciion in frequency response can be attributed to tne reduction of flow gain
with actuator load that occurs with any actuator system which uses sharp edged
control valves to meter flow to the actuator drive avea.

Hystevesis at Loads B and C

Figure 49 shows the test data taken for the hysteresis measuremert with test
conditicn 1B, Note the separation located near the zero input poiot. Load 3 is
a symmetrical spring load on the control actuator. Therefore, as the actuator
moves through null (midstroke), the load on the actuator reverses. In order to
move the actuwator against the load, the active chanuels must be commanded with
an input amplitude sufficient to drive the channels out of the force fight
channel miswatch. Where the load reverses, the polarity of the input amplitude
which overcomes the force fight must alsoc change. The combination of the
active channels with a force fight and the reversing lcad on the actuator
results in tke type of hysteresis plot illustrated by Figure 49. Note that for
input levels less than -0.363 volt and greater than +0.363 volt, the hysteresis
plot rescmbles the unlcaded plot for condition 1 (reference Figure 8) with a

lowv amplitude huating and no genersl separation.

The effect of load C on the hysteresis measurement is shown on Figure 50. Note
that the hysteresis plot shows larger amplitude hunting than the unloaded plot
of Figure 8. Since the load on the test actuator is primarily a bias load
towards midstroke of the actuator, there is no load reversal during the data
taken for Figure 50 and no corresponding opening of the hysteresis loop. The
primary effect of the load of condition 1C is to increase the ampiitude of the
hunting compared to the unloaded conditicn l.

Table 18 lists the hysteresis measured for the test conditions with load B.
Note that for test conditions 1B through 4B the hysteresis measures 8.62 of the
maximum input, a value 10 times that of the corresponding unloaded test
conditions 1 ihrough 4 (reference Table 5). Test conditions 9C and 11C with
one half of tne actuator bypassed have reduce hysteresis. This is consistent
with the elimination of the force fight condition when only one balf of the
actustor is operating. Teat condition 14C also has a low hysteresis
measurement. Since this test condition is one of the varying bias conditions,
and bias changes change the force fight, the resulis oi test condition 14C are
chrnsistent. The other two bias test conditions 15B aud 1SR result in an
increase and a decrease from the test conditions 1C through +C with normal
bias.

Table 19 lists the hysteresis measured for the test conditiomns with load C.
The hvsteresis listed for all test conditions is 0.4% of the full scale input.
This value is less than that for the B load condizions. However, the values
represent the nominal "non-coincidence" of the output position for the same
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TABLE 18
HYSTERESIS ~ “B" LUAD

TEST ITRH: Boeing Reconfigurable Fail Operative DATE PREPARRD: _10/3/83
Fly~By-VWire Servoactuator

TEST: Hysteresie in GPATR with "B" Load

|
Test |
Condition |
| 2 Full Scale | 2 of E, Max
| |
| |
1B { 0.60 ] 6.8
|
2B ] 0.60 ] 6.80
| |
3B j 0.60 | 6.8
| [
48 . 0.60 | 6.80
! |
98 | 0,20 ! 2,27
| i
115 ] 0.20 | 2,27
| |
14B i 0.10 i 1.13
| | s
158 | 0.67 | 7.50
| i
168 | 0.50 | 5.63 .|
i i
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TABLE 19
HYSTERESIS - "C" LOAD

TEST ITEM: Boeing Reconfigurable Feil Operative DATE PREPARRD: _10/3/83
Fly-By-Wire Servoactuator

TE3T: Hysteresis in GPATK with "C" Load

|
Test |
Condition I
| 2 Full Scale | X of E, Max
| |
| |
1C | ¢6.00 H 0.00
| |
20 | 0.060 | G.00
I |
3C i 0.00 | 0.cC
| |
4C | 0.00 | ¢.00
| |
9C ] 0.00 i 0.00
| |
11C | 0.00 ! Q.00
| |
14C } 0.00 | 0.00
|
15¢ I 0.00 ] 0.00
| |
16C | 0.00 | 0.00
i |




input level. The hunting is similar for all the load C test conditions which
yields the same hystercsis value.

The general effect on hysteresis of loading the test actuator is to 1increasge
the value by 6 to 10 times that of the unloaded actuator. Bias loads increase
the hysteresis less than symmetrical loads. The bias load creates a low
smplitude hunting motion of the test actuator while the symmetrical loads
create an “"open" hysteresis loop around zero input and load reversal. The
maximum hysteresis for any test condition with load B or C is less than or
equal to 0.6 percent of the maximum input to the test actuator.

——— e P—————— — o —— —

Failure Transients with Loads B and C

Figure 51 is the time history plot of the input end output characteristics of
the test system with a slowover ramp input sequentially applied to the inputs
with load B, The remp is applied to channels 1, 2 and 3 in order. The system
is configured initially with channels 1 and 3 active, and 2 and 4 as models.
The number of counts before a "failed" channel which has corrected itself couid
be voted "good" and used again was increased emough to prevent the "good" vote.

As shown on Figure 51, the vamp input into channel 1 causes the output to track
the ramp input up to the failure detection level. The .utput change is 0.83%
of the total stroke. Upon detection of the failure, countrol of actuator
section 1 is transferred to channe)l 2 gnd the actuator moves back to the null
output position. The return motion overshoots by 0.56% of the total stroke and
then returns to null. Note that actuator section 2 opposes section 18
reegponse to the remp input, minimizing the output motion., Upon the application
of the slowover ramp input to chaanel 2, section 1 of the actuator is declared
failed and bypassed. The actuator initially moves 0.83% of the total stroke in
response to the ramp input before a failure is declared and section 1 c¢f the
actuator bypassed., After the application of the ramp input to channel 3, the
actuaror moves 2.8% of the total actuator stroke in respcuse to the input
before a failure is declared, This movement is greater than that measured
after the first and second failure inputs. The greater movement reflects that
with section 1 bypassed, there is no other actuetor section opposing section
2°s response to the ramp input. The motion after the third input failure is a
result of the load system moving the actuator output to its "zero force"
positior.

Figure 52 shows the same input sequence as used for Figure 5l. For Figure 52,
load C is used. Note that the scale used on the X,,. trace for Figure 52 is oue
quarter of the scale on Figure 51. The actuator output change before detection
of the first failure (with channel 1 input ramp) is 1.66% of the totel actuator
stroke. The actuator chauge before detection of the second failure is 12 of the
total actuator stroke. After the third failure, the test system actuator is
bypassed and driveu to the "zero force" or null condition of the load ectuator.

The effect of the loed conditions on failure trausients resulting from
"glowover" failures is not significent. The amplitude of the failure transient
resulting from the siowover input into channel 2 for Condition 22 is 2.2% of
the maximum actuator stroke. The loaded test condition <(ransients resulting
from the same input failures are 0.82% for load condition B and !X for load
condition C. Note that the unloaded test Conditiou 22 transient appears a6
primarily & null shift with the bypassinz of actuator section l. The actuator
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cutput does nct appear to respond at all to the failure ramp input. With a
load applied, the vutput does respcud te the failure input. This difference in
transieut chsracteristic is probably due to the applied lcad forciung test
system out of the force fight deadband (in or<.r to hold the applied loads).

Figure 53 shows the effect of applying a ramp input of 0.4 volt/second
sequentially to channele 1, 2 and 3 with the system operating with a sinueoidsal
input into all channels and with load B applied. The smplitude of the ncminal
1.5 Hz sinusoidal signal is at the maximum 1nput at that frequeancy without
causing rate saturation. The principal effect of the failure is a null shift
of 2.27 of the maximum actuator stroke when section 1 of the actuvator is
bypassed.

Figure 54 shows the effect spplying a ramp input of 0.4 volt/second
sequentially to chapnels 1, 2 and 3 with the system operating wich a sinuvsoidal
input into all channels sud with load C applied. Note that the scale on X is
1/5 of that used on Figure 53 in order to include the output mction tracc a ter
application of the third slowover failure into cpnannel 3. Note that the test
ectuator output moves tc the load actuator "zero load” position after both test
actuator sections are bypassed. The limited amplitude of *he test actuator
response prior to the bypassing both sections ig due to tue chart recorder pen
operating at tne edge of the brush recorder strip chart.

The slowovex tracsient effects of Figures 53 an 54 are very similar to those
shown on Figure 25 for no load conditions. The load effects of load B and C on
the slowover failure transiente while the test actuator is operating
dynamically appear insignificant.

Figure 55 is a time respcnsc of the test system with the output initialiy at 50%
extend (0.85 inch from null in the opposite direction from the normal "C" lcad)
with th: load C spring graiient.

As shown or Figure 55, the first and second input failures create an output
failure transient which lasts for 200 milliseconds. The output deviation ampli-
tude is 17 of the maximum stroke for the chanpel 1 input failure. The output
deviation amplitude for the second input failure (channel 2) which causes

bypassing of section 1 is 1.5% of the maximum stroke. This second failure
leaves actvator section 2 to hold the load, Upon the third input failure into

charnel 3, section 2 of the test actuator is also bypassed. This allows the
load system to drive the test actaator to the losd system”s force null. Note
that there is no observable null shift between the commanded position of the
test actuator before and after failures. The negligible null shift reflects the
effect of the vias load requiring both control channels to operate together out
of the force fight region in order to hold the load.

Figure 56 shows the effect of grounding the inputs to channels 1, 2 and 3
sequentially with & sinusoidal input applied to all channels. Load B is applied
to the test actuator. These results are similar to the unloaded actuator test
results for coandition 26 (reference Figure 28), There is a peak amplitude loss
of 1% during the transition from one operating mode tc another. There is a nuli
shift of 0.82 of maximum actuator stroke between the operating modes.

Figure 57 shows the came failure test sequence for the inputs as used for

Figure 56, The load conditioa for the test results shown on rigure 57 was load
C. Note that the X . scale shown on this figure is 1/5 that of Figure 56. The
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failure transieats are waveforu distortions during the 200 millisecond
detection and trausfer time. The amplitude of the failure transients is 2.8%
of the maximum output stroke and consists of the failure of the output to track
the sinusoidal input duriecg the 200 millisecond detection and tramsfer period.

Figure 58 shows the effect of seequentially applying & positive hardover input
signal of 49 volts to the inputs of chamnels 1, 2 and 3 with load B applied to
the system. The failure transieat amplitude for the first failure into channel
1lis 1.1% of the maximum actuator stroke. The transient duration is the 200
milliseconds. The same effect occurs for the second hardover input failure
into channel 2. After the second failure and the bypassing of section 1 cf the
actuator, the actuator output position exhibits a small amplitude hunting. Upon
application of the third input failure, the actuator output follows the input
up to a position change of 4.47 of the maximum actuator stroke, At that point,
the actuator is bypassed and is driven to the oull force position of the load
actuator. The results are similar to the test results for the unloaded
actuator (reference Figure 30),

Figure 59 shows the effect of sequentially epplying a positive hardover input
signal of +9 volts to the inputs of channels 1, 2 ard 3 with load C applied to
the system. Note that the amplitude scale on this figure is 1/4 that of Figure
58 in order to show the fiunal position of the test actuator after the third
failure. The output transient resulting from the channel 1 input failure is not
detectable on Figure 59. The output trans ent for the sacond i1uput failure
consists of a position shift of 1% of the m ximum actuator position to a new
position. The third inpur failure causes the test actuator to bypass, and
allove the load actuator to drive it to a position where no load force is
applied.

Figure 60 shows the effect of sequentially applying a negative hardover input
signal of ~%9 volts to the inputs of channels 1, 2 and 3 with load B applied to
the test actustor. The amplitude of the failure transients for the first and
second input failures are lower than those resulting from the +9 volts hardover
input failures. This is probably a reflection of the section 1 and 2 feorce
fight and the input necessary to have the two sections move together.

Figure 61 shows the effect of sequentially epplying a megative hardever input
signal of ~% volis to the inputs of channels 1, 2 and 3 with load C applied,
The transiert output deviations are limited to 1% of the maximum actuator
stroke. These deviatiors are greater than that measured with positive hardover
input failuree under the same load conditions (reference Figure 59).

Figure 62 shows the effect of applying an extend hardover input of +9 volts
sequentially to imputs 1, 2 and 3 with the system operating with a 1.5 Hz input
signal and under ioad B. Yigure 63 has the same input and failure sequence
with the load C applied. The load in both figures has little effect on the
output motion of the test system. The test system fails to track the 1.5 Hz
input signal for about 200 milliseconds, resulting in a position error of 1% or
less.

Figure 54 shows the effect of applying a retract hardover input signal of -9
volts sequentislly to ivputs 1, 2 end 3 with the system operating with a 1.5 Hz
input at just below rate saturstion. For this test, load B was applied to the
test actuator. Figure 65 shows the same input test with load C applied to the
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test actuator. The results are similar to those obtasined with the extend
hardover input (reference Figures 62 and 63). The output tracks the sinusoidal
input until the third input failure is applied. The primary effect of the
failed inputs is a failure of the output to track the imput for the 200
millisecunds required for failure detectionm and correctionm.

From the analysis of Figures 56 through 65, it appears that the eifect of load
conditions B and C ou the failure transients is not significant. The devia-~
tions are greatest with load C. The greatest amplitude deviation is less than
% of the meximum output stroke and occurs with load C.

DISTORTION (OUYPUT/IAPUT FIDELITY) TEST BRESULTS
General

The waveform recordings in this data section &re representative of the fidelity
characteristics of the test system under different operating conditions. This
type of test is useful in indicating whether the output of the system has
significant distortion components. In some applications, the frequemcy content
of the distortion can create problems in stadlity and structural life by
eXciting resonant modes of the mechauism driven by the actuator.

OQutput Fidelity vs Input Level

Figures 66, 67 end 68 show the output/input characteristics of the test system
operating uuloaded at 1.5 Hz, The test system is configurcd normeally with
channels 1 and 3 active, and 2 and 4 as models. These figures show the effect
of input level changes ou the vutput at the 1/2 bandpass frequency. Figure 66
digplays the 0.52 and 1% input response. Note that at the 0.52 input level,
the output of the actuator shows no response. This is an indication of dynamic
threshold and is & level which is greater than the 0.282 measured earlier in
the testing (reference Table 3)., However, the 0.52 input is lower than the
0.77% dyrsmic threshold measured under load condition B (reference Table 14).
Note that with the 12 input, the output is nominally sinusoidal at an
amplitude which is approximately 1% of the total stroke. At the 1Z output,
there is both moticeable "flat topping" of the sinusoidal motion and amplitude
moduiation of the waveform. The noise content of the output at 1% is guite
noticeable on Figure 66, On Figure 67 with 2% and 5% input date, the noise
content is much less noticeable. The 5% output shows less flat topping than
the 2% input data and no apparent amplitude motion. At s 102 input level, as
shown on Figure 68, the output closely resembles the input with no amplitude
modulation and flat topping. Note that the phase lag between the output and
input remains the same for all the input levels.

Qutput Fidelity vs Offset Bias - No Load ~ 10% luput

Figures 69 through 74 illustrate the effect of channel bias differences
equivalent to 302 of the spool stroke on large amplitude (10% of the maximum
stroke) output motion. Figures 69, 71 and 73 represent date with G bias
applied. Figures 70, 72 and 74 represent data with a 30% tias applied. The

iaput frequencies sre the same for the figure pairs of 69 and 7C, 71 and 72, 73
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and 74. The purpose of this date presentation format ie to allow easy visual
comparison of "0" bias data with "20%" bias data at the same frequencies.

As shown on Figure 69, the output closely resembles the input (with the 180°
phase shift due to the polarity of the feedback transducer used to measure the
output moticn). Note that at .1 Hz and .25 Hz, the output tracks the input with
negligibile phase shift (from a 180° phase angle). There is sgome miuor
distortion of the output visible on tha output at both frequencies. The effect
of the 30% bLias as shown on Figure 70 is to increase the distortion of the
sinusoid siightly over that shown on Figure 69. The distortion increase is in
the form of a glope flattening of the motion just after the maXimum amplitude
peak in the retract directicn.

Figures 71 and 72 iliustrate the effect input bias has on the output wavefoerm
et 0.5 and 1.0 Hz. The output waveform £8 shown on Figure 71 with 0 bias
clogely resembles the input with ro apparent distortion. However, the output
weveform with a 302 bias at the s:me frequencies showse distinct "flat
topping"”. This is caused by the force fight between chansels showing up
during the portion of the motion where the actuator is reversing direction.

Figures 73 and 74 illustrate the effect of input bias on the output waveform at
2.0 and 3.0 Hz. A couparison of these two figures shows no apparent differemce
in the output waveform. The cutput shows the effect of slight rate saturation
at 3 Hz, indicating that the control valves are stroking full deflectiomn.

From these test results, it appears that channel bias conditions have very
little effect on the cutput waveform at frequencies above 1/2 the bandpass
frequency. There is a minor distortion increase with channel bias mismatch
for frequencies below the 1/2 bandpass frequenzy. This is comsistent with
increasirg input frequency requiring increase flow and spool deflection. At
low frequencies, the bias offset is a larger percentage of the spool motion and
has greater effect than at higher frequencies.

Output Fidelity vs Uffset Bias — Symetrical Load B - 10Z Input

Figures 75 through 78 illustrate the output waveform of the test system at 10%
inputs and frequencies of 0.1, 1.0 and 3 Hz. The load appiied is the
symmetrical load B. The figures are grouped so the effect of bias at the same
frequencies can be easily made, The data displayed is limited to 3 freguencies
since the symmetrical load B test results are not significantly different than
unloaded test conditions (load A) for the 10% input level.

Comparing Figure 76 with 307 bias to Figure 75 with 0% bias shows that the bias
creates minor output distovtion ir the form of flatteuing at or after the peak
amplitude excursion. The effect is apparent at both 0.1 asd 1 Mz inmput
frequencies. The effect is only slightly more than that perviously observed

with load A (unloaded) at the same frequencies (reference Figures 69 through
72).

Figures 77 and 78 at 3 Hz show no difference in the output waveform for the two
bias conditions. The output exhibits a siight rate saturation for both
figures. This result is similar to that of the unloaded tests at the same
frequency anu input level.
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Sywmetrical load B does increase the distortion observed for the 10X icput.
The distortion is greatest for frequencies below 1/2 bandpase frequency.

Qutput Fidelity vs Offset Biss - Asymmetrical Load C - 10X Input

Comparing the actustor cutput waveform on Figures 79 snd 80 for the inmput
frequeucies of 0.1 and 0.25 Hz, there is apparent minor waveform distortiom at
the amplitude peaks at both frequencies. The effect of the 30X bias conditions
of Figure 80 is to increase the distortion compared to the O bias of Figure
e 79. The amplitude of the distortion is slightly greater than that for the
unloaded or load B test data.

;' Figures 81 through 84 illustrate the effect of load C on the output distortion
of the test system with 0% and 30X input bias conditions. Note that the 30%
bias is below the failure detection level used for evaluating the test system.

Figures 81 and 82 show the output motion at frequencies of 0.5 and 1 Hz. For
the O bias condition shown on Figure 81, the output at both frequencies shows
very little amplitude distortion. However, Figure 82 with the input bias
equivaeleat to 302 of the maximum spool stroke into omne active channel, shows
noticeable distortion.

Figures 83 and 84 for input frequencies of 2 and 3 Hz show little distortion
for either bias conditior. As with the previous 10% input command dats, the 3
Hz output shows some rate saturation. With this ssymmetrical lead conditionm,
the rete 3aturvations (as shown by straightening of the sinusoid isto a
= iriaugular waveiorm) ocCurs primaerily in ome dirvcction of motion., Thic ie

consistent with the bias force load associated with load conditior C.

From Figures 79 through 84, it i8s apparent that load C has greater efiect on
the 107 output motion than load B or unloasded operaticn. The effect is grester
at frequencies beiow 1/2 bandpass (1.5 Rz).

ik
FAAAL

Output Fidelity vs Cffset Bias - Symmetrical Load 3 - 3% Input

Figures 35 ¢hrough 88 show the output characteristics as a function of chamnel
bias at two frequencies (0.25 Hz and 1 Hz) and a 3% input level and load B,
This input level is a medium amplitude input test sigpal for ea actuation
syetem. (For example, the F-16 actuators specify a frequency respomse envelope
at 2% of mazimum input,) Four ipput bias levels are used for these 3% input
levels: 0%, 10I, 202 and 30%. Note thast the 30Z bias is below the 35%
equivalent spool position mismatch where a cranzel failure is declared.

Comparing Figures 85 through 88 show that for l1oad B and increasing offset
o bias, there is significant ovtput distortion for bias conditions of 10%, 20%
i - and 30Z. The distortion increases with the increase in offset bias. The
. distortion i¢ primarily irregular slope changes which modify tne shape of the
sinusoid. The effect is most apparent at the pesk amplitudes of the sinusoidal
output.

Ovtput Fidelity vs Offset Bias - Asymmetrical Load C - 3% Input

Figures 89 through 92 show the output characteristics as a function of channel




—— W vy - Ay T e g m— Cw e w s mem T T o TS TETE ST T T
T — Y L 4 -

TEST ITEM - Boeinyg Reconfigurable Fail Operative
Fly-By-Wire Servoactuator

TEST - vutput Fidclity - As a Function of Channel Oifset Bias -
Offset Load ~ 1UZ Input

Date Prepared 10/139/83

; Input lLeve.: 10%
* Tnput Freq.

: 0.1 Hz
Load Cond. ¢ C
" Bias Cond. ¢ G7%

Scale:

Input - 0.05 v/div

! Xout - 0.0C093 in/div

Input Level: 10z
Input Freq.: 0.25 Hz
Load Cond. ¢ C

Bias Cond. : 0%

Scale: .
. |

Input - 0.05 v/div

X - 0.0093 in/div .

out

Figure 79. Output Fidelity @0.1 Hz & 0.25 Hz @ 107 Input - Load C - 07 Bias

134




TEST ITEM - Boeiny Reconfipurable Fail Operative
Ily-By-Wire Scrveactuator

TEST - OQutput Fidelity - As a Function of Channel Offset Bias -
Offset Load - 107 Input

ACCUCHART Gould Inc.. Inshiur  Date Prepared 10/19/83

Input Level: 107
Irput Freq.: 0.1 Hz
Load Cond. : C
Bias Cond. : 30%

Scale:

Iaput - 0.05 v/div

xout -~ 0.0093 in/div

Input level: 107
Input Freq.: 0.25 Hz
Load Cond. : C

Bias Cond. : 30%

o

i 20

Scale:

AL

Input - 0.05 v/div

-

Xout - (0.0093 1n/div

Ty
' 'I‘) &

A

>

Figure 80, Output Fidelity @ 0.1 Hz & 0.25 Hz @ 10% Input - Load C - 303 Bias

i
.’5.":’:‘:').?-

135

Nl K

s

‘C*:f:f:f\fixt?:’:f\fzfxflﬁtﬁn

»
«




TEST ITEM - Boeing Reconfigurahle Fail Operative
Fly-By-Wire Servoactuator

TEST - Output Fidelity - As a Function of Channel Offset Bias -
Offset Load - 10% lnput g

+Fpe—tebetdH  Date Prepared 10/19/83

i
P G Tt ]
- H

P TS

Input Level: 107
Input Freg.: 0.5 uz
Load Cond. : C

Bias Cond. : 07

cale:

Input - 0.05 v/div

Xout - 0.0093 in/div

3 - RN
k. - Input TT-T"T?ﬂ“ g
2 ‘_: P 7\\"
P, Input Level: 107
. Input Freq.: 1.0 Hz
b Load Cond. : C 3
* Bias Cond. 0%
: scale:
. 5
: Input - 0.05 v/div
Xour ~ 0-0093 in/div
N
-3
Figure 81. Output Fidelity@ 0.5 llz & 1 Hz ¢ 107 Input - Load C - 0% Bias
.'.‘

o 130




|
5
\
i
)
{
{
\
!
|
!
{
]
{
1
|
1
{
i
!
|
i
'
{
(
14
|
{

KRN P . - omne - K

RN/

a4 ',;r.'.'u

¥ v

k- o7

revw o
R

L AAATABA

TateBe
PRFAERRRES

4

3

N
)

AR
v
w¥a

B

LA

X

%

XX J -

AP

L's
T

L\\.

Ry
&
P

TEST ITEM - Boeinyg Reconfipurable iail Operative

tly-By-Wire Servoactuator

TEST - OQutput Fidelity - As a Function of
Qffset Load - 107 Input

b 4

ACCUCHART  Gould Inc,, Instrument Systems [

:1‘.' ;;-vv;q g
R W
N
'_"‘!__'_:T"'T%‘ —
+ 4~-++4——L—%-
s I_I,
i ; N .
“ i
Xout _ }Etf:j N
l ‘L/' Sy e

Figure 82.

Qutpu. ¥Fidelity @ O.5Hz & | He @ 10%Z Lnput

137

Channel Of{set Bias -

Date Prepared 10/19/83

Input Level: 107

Input Freq.: 0.5 liz
Load Cond. C
Bias Cond.

C
307

gcale:
Input - 0.05 v/div

xout - 0.0093 in/div

Tuput Level: 107
Input Freq.: 1.0 Hz
Load Cond. : C

Bias Cond. : 307

Scalecs

Input =~ 0.05 v/div

X - 0.00%3 in/div

- Load C - 307 3ias




TEST ITEM - Boeing Reconfigurable Fail Operative
Fiy-By-Wire Scrvoactualor

TEST - Qutput Fidelity - As a Function of Chanael Oflset Bias -
Of fset Load ~ 10Z Input

Date Prepared 10/19/83

:., Instrument Systems Division Cleve'and Ohio Prin
e W] 5 L 1 1 ] 1 H _4 1 1 __L ok 2 1 jL ' 1_%
Vet 1 ]
B O G Gt
o R " ,-: 1
a
T +

Input Level: 10Z%
Input Freq.: 2.0 Hz
l.oad Cond. : C

Bias Zond. : 07

. |
b . b .
D Yy S . .
——- 1. PR

-1

doa o

' .
Py S

14

Scale:

Input - 0.05 v/div

X = 0.0093 in/d.v

Input Level: 107
Input Freq.: 3.0 Hz
lL.oad Cond. : C

Bias Cond. : 0Z

Scale:

,
Input - 0.05 v/div !
X - 0.0093 in/div .

Figure 83. Output ridelity @ 2 Hdz & 3 Hz @ 167 Input - Load C - 0% Bias

138




TEST ITEM ~ Boeing Reconfigurable Fail Operative
Flv-By-Wire Servoactuator

TEST - Output Fidelity - As a Function of Channel Offset Bias -
Offset Load - 107 Input

pate Prepared i0/19/83

Input Level: 10%
Input Fregq.: 2.0 Hz
Load Cond. :

Bias Cond. : 307

Scale:

Input - 0.05 v/div

X ~ 0.0093 in/div
out

andg Ohio Printed nUS A
L ye L 1 1 ‘l’ j " 1

-
!

Ieput Level: 10%
ERE s It N CE e A M A T T N Input Freq.: 3.0 Hz

’—:L ! ";:7 *; i : Load Cond.

TN : T Y[ Bias Cond.

Scale:

Input - 0.05 v/div

X ~ 0.06093 in/div
out

R

Figure 84. Output Fidelity @ 2 Hz & 3 Hz @ 107 Input - Load C - 307% Bias

139 et

- - - - = o ot = C L g -ft “' _': - o, {‘ "
A e At Lt 1A LA LA R L T Tl T e T LT T U




TEST ITEM - Boeing Reconfigurable Fall Operative
Fly-By-Wire Servoactuator

TEST - Output Fidelity - As a Function of Channel Offset Bias -
Symetrical Load - 37 Input

CCUCHART Gould !nc., Instrument Systems Divi
[T - n L n . n Y Mmool n ol Y Shcsadcadl

Date Prepared 10/19/83

0 T O L
- B
Input Level: 37 e
Input Freq.: (.25 Hz o
Load Cond. 3 B - b
Bias Cond. : 0%
! Scale:
;
i Input - 0.02 v/div i
!
| . R
' Xout: -~ 0.0037 in/div
i .
' <
'
Input Level: 3%
: Input Freq.: 1.0 Hz W
: Load Cond. : B
Bias Cond. : 0%
i Scale: 2
Input ~0.02 v/div ‘ |
| .
E A " U0UST in/div .
’ 7
b I .
] )
b R
b -
L
I
y Figure 85. Output Fidelity @ 0.25 Hz & 1 Hlz @ 3% Input - Load B - 0% Bias
4

140




TEST ITEM - Boeing Reconfigurable Fail Operative

Fly-By-Wire Scrvoactuater

TEST - OQutput Fidelity - As a Function of Channel Offset Bias -~
Symetrical Load - 37 Input

L S

141

Date Prepared 10/19/83

Input Level: 37
Input rreq.: .25 Hz
Load Cond. ¢ B

Bias Cond. : 10%

Scale:
Input - G.02 v/div

xout - 0.0037 in/div

Input Level: 3%
Input Freq.: 1.0 Hz
Load Cond. : B
Bias Cond. : 107

scale:

Input -0.02 v/div

-0.0037 i ;
xout 0.0037 1in/div

Figure 86. Output Fidelity @0.25 Hz& 1 Hz @ 37 Input - Load B - 107 Bias




TEST ITEM - Boeing Reconfigurable Fail Operative
Fly~By-Wire Servoactuator

TEST ~ Output iidelity - As a Function of Chamncl Offset Bias -
Symetrical Load - 37 [nput

Date Preparxed 10/19/83 .

Input Level: 37
Input Freq.: 0.25 hHz :
Load Cond. : B

Bias Cond. : 20%

recara.

Scale:

¥
Input - 0.02 v/div !

Xout - 0.0037 in/div

)
‘ -
(%
N
Input Level: 3% o
Input Freq.: 1.0 Hz &@
Load Cond. : B
Bias Cond. : 207
5
Scale: L h
Input - 0.02 v/div )
X - 0.0037 in/div
out .
: 1%
0 e R I s A ;
S T T T
Figure 87. Output Fidelity @ 0.25Hz & | Uz @ 3% Input - Load B - 20% Bias 3
It
[

142 3




TEST ITEM - Boeing Reconfigurable Fail Operative

Fly-by-Wire Servoactuator

TEST -~ Output Fidelity - As a Function of Channel Offset Bias -

Symetrical Lead -~ 37 ILnput

hio PrintedinUS A ¢ o i
Y Y v L ml

[0 o i

i Lnput

£ 7 R ke 1 B i e

¥igure 88. Output Fidelity @ 0.25Hz & | Hz @ 3% Input

|
|
ll 143

late Prepared 10/19/83

Input Level: 37
Input Freq.: C.2> Hz
Load Cond. ¢ B
Bias Cond. : 30%

Scale:

Input - 0,02 v/div

X - 0.0037 in/div

Input Level: 3%
Input Freq.: 1.0 liz
Load Cond. ¢ B

Bias Cond. : 307

Scale:

Input ~ 0.02 v/div

X - 0.0037 in/div

- Load B - 307 Bias



TEST ITEM - Boeing Reconfigurable Fail Opcrative
Fly-By-Wire Servoactuator

i TEST - Qutput Fidelity - As a Function of Channel Offset Bias - Offset
Load - 37 Input

| ACCUCHART Gould Inc., Instrument System bate Preparedw
B e S o P N S AR Lo S T

Input Level: 37
Input Freq.: 0,25 Hz
Load Cond. : C
Bias Cond. : 0%

}

Scale:

. _1.. _r_-'_ epem
: |

. ._',.._fi.__;:___

Input - 0.02 v/div

X,u¢ - 0.0037 in/div

Input Level: 3%

Input Freq.: 1.0 Hz
Load Cond. : C
Bias Cond. : 0O

b-EN

Scale:

Input -90.02 v/div

kcut ~0.0037 in/div

Fipure 89. OQutput VFidelity @0.25 Hz & | Hz @ 37 Input - Load C -~ 0% Bias

164




TEST ITEM - Boeing Reconfigurable Fail Operative

TEST

-r= -

Fly-By-Wire Servoactuator

- Output Fidelity - As a Function of Channel Offset Bias - Offset
Load -~ 3% Input

Date Prepared 10/18/83

Input Level: 3%

Iuput Freq.: 0.25 Hz

Load Cond. : C

Bias Cond. : 10%

Figure 90,

Input - 0.02 v/div

X - 0.0037 in/div

_‘ACCUCHART . ,,EPPEJPE;VGY“Teﬂ

I S ) ! 4

R O e e e P B

Input Level: 37

Input Freq.: 1.0 Hz
Load Cond. : C
Bias Cond. : 10%

Scale:

Input - 0.02 v/div

X = 0.0937 in/div

N

I i

Qutput Fidelity @0.25Hz & | Hz @ 3% Input - Load C -~ 10% Bias




TEST ITEM - Boeing Reconfigurable Fail Operative
Fly-By-Wire Servoactuaior

TEST - Output Fidelity - As a Function of Channei Offset Bias - Offset
Load ~ 37 Input

Date Prepared 10/18/83

Input Level: 37
Input Freq.: (.25 Hz
Load Cond. : C

Bias Cond. : 20%

d Sgale:

Input - 0.02 v/div

'? X ~ 0.0037 in/div
! out

Tt T

e

Input Level: 37
Input Freq.: 1.0 Hz
Load Cond. :

Bias Cond. : 20%

R

i

FTHTT

TE

T
A _J_"_,' F""‘

Scale:

{
R
Y F A

Input - 0.02 v/div ) 3

- 7 1n/fds
Xout 0.0037 in/div

.

i Lead b LA o ARl U e JE
‘|:-

Figure 91. Output Fidelity @ 0.25Hz & | Hz @ 3% Ianput - Load C - 207 Bias & :

146




AU LAY N U NS R S P O Y T T T Uy S ——

TEST ITEM - Boeilnp Reconlipurable Fail Operative
Fly-By-Wire Servoactuuator

TEST - Output Fidelity ~ As a Function of Channel Offset Bias - Offset
Load - 37 Input

Date Prepared 10/18/83

_ACCUCHART _ _  Gould Inc. Instrument €
E:’j? 'T“T’T I: .
. -. WUQL-_. “-
L _'\\,=; Input Level: 37
bt ~ Input Freq.: 0.25 Hz
Load Cond. : C
Bias Cond. : 307
Scale:
Input - 0,02 v/div
Xout = 0.0037 in/div
{
:
Input Level: 33 .J?E
- Input Freq.: 1.0 Hz »:.r
1=1:_ Load Cond. : C RS -
=i Bias Cond. : 30% b
_; Input ! 5_. i
RS TR TR S R ~ Sga]e:
' | Imput - 0.02 v/div NG
1o R ue ¢ 0.0037 in/div
i
ol
o
w?
n

Figure 92. Output Fidelity @ 0.25 Hz & 1t Hz @ 37 Iuput - Load C - 30% Bias




bias at frequencies of 0.25 Hz. and 1 Hz at a 3% input level and load C. This
load provides & siguificant bias load on che output of the test actuator.

Comparing Figures 89 through 92 shows that there is significant ousput
distortion for all bias conditions at both 0.2%5 and 1 Hz. The distortion
increases with increasing bias offset. The distortion at 0.25Hz is in the
form of a ragged modulation of the basic sinuscidal output. The amplitude of
the modulatien increases with bias to a value of about 12% of sinusoidal
amplitude at 30% offset bias, With 0% bias, the distortion occurs at the peaks
of the sinusoid. With the 30%Z bias, the distortion occurs over the entire
sinusoidal motion.

The distortion for the ! Hz output on Figures 89 through 52 is different from
that observed st 0.25 Hz. The distourtion is in the form of irregular slope
changes of the sinusoidal output. The amplitude of the distortion imcreases
with increasing offset bias.

Wi h the 3% input level, the effect of load and bias conditions on the output
distortion is more significant than that observed with the 10% input distortion
testing. The distortion is least with the lowest offset bias. Load C ipcreases
the distortion compared to load B and changes the characteristic of the
distortiou from a slope charge to a higher frequency modulation of the
sinusoidal output at 0.25 Hz,

Output Fidelity vs Offset Bias - Symmetrical Load

Figurce 92 through 194 show the 2ffect of chemnel hise mismateh on the output
of the test system. Load B is used for these figures. No unloaded iest
results are shown. The test results for load B gaod unloaded are essentially
identical. This could be expected since a~ the 1% amplitude of outpwt motion,
the maximum load applied to the test actuator at peak stroke is 169 1bs
(compared to the 18,600 1lbs stall output force available fcom the test
actuator). The 1% command level is a small amplitude input signal. This
amplitude is consistent with a test input amplitude for fly~by-wire actuators.
(The F-16 tly-by-wire actuators are tested and qualified for frequency response
at an input amplitude signal of 2% of maximum command). Recause of the light
loading, these figures (93 through 104) are primarily an evaluation of the
effect of bias conditions between active cliannels on the output of the test
Jystem, Figures 93 through 95 show the system output &t 1% command for 0% bias
offset. Figures 96 through 98 shown the system output at 1% command for 10%
bias offset. Figures 99 through 101 show the systom output at 1% command for
20% offset. Figures 162 through 104 show the system output a: 1¥ command fcr
30% bias offset. The 30% bias offset is just below the 35% spool position
difference used for the failure detection threshold for test system failure
logic.

Figures 93 through 95 wich 0 iaput offset bias show the same distortionm on the
output at all test frequencies used, The distortion amplitude appears constant
from 0.1 Hz to 2 Hz and at a constant frequency. Because of the input
frequency change, the effect of the distortion components appears as ragged
modulation of the 0.1 Hz output waveform (reference Figure 92?) and a irregular
slope change f che 1 Hz output waveform. The distortion amplitude appears
nominally 11%¥ of the output guplitude (or 0.11% of the maximum stroke). Figures
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TEST 1TEM - Beoeing Reconfigurable Fail Operative
Fly-By-Wire Servoactuator

TEST -~ Output Fidelity - As a Function ol Channel Oifset Bias -
Symetrical Load - 17 lnput
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Figure 93. Output Fidelity @ 0.1 Hz & 0.25 Hz @ 1% Input - Load B - 0% Bias
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rigure 94. Output Fidelity @0.5 Uz &1 Hz ¢ 17 Input ~ Load B - OZ Bias
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B Figure 95. Output Fidelity @ 2 Hz & 3 Hz ¢ 1% Input - Load B - 07 Bias
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Figure 96. Output fFidelity ¢ 0.1 Hz & C.25 Hz @ 1Z Input - TLoad B - 102 Bias
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Figure 97. Output Fidelity @ 0.5 Hz& 1| Hz @ 17 Input - Load B ~ 10% Bias
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Figure 98. Output Fidelity @ 2 Hz & 3 Uz @ i% Input - Load B - I0% Bias
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Figure 99. Output Fideiity @ 0.1 Hz & 0.25 Hz @ 1% Input ~ Load B - 207 Bias
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Figure 101. Output Fidelity @ 2 Hz & 3 Hz ¢ 1% Ioput - Load B - 207 Bias
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Figure 102. Output Fidelity @0.1 Hz &0.25 Hz @ 12 Input - Load B - 307 Bias




TEST 1'TEM - Bocing Reconfigurable Fail Operative
I'ly-By-Wire Scrvaoctuator

Symetrical Load - iZ Input

TEST - Output Fidelity - As a Function of Chaunel Offset Bias -

M q Date Prepared 10/19/83
jf' Tl
A
- !
ais —i7i Input Level: 17
X 7i Input Freq.: 0.5 Hz
g = g 1 T Load Cond. : B
A l_;_];:_...l_. ; l.l ' Zhil LL.__]_L l..__.l--ll__._l 1_....__] Bias Cond. : 3OZ
. + -
L Scale:
Input - 0.005 v/div
Xout = 0.00093 in/div
»
—— t ——>
f _: Input Level: 17
N Input Freq.: 1.0 Hz
Load Cond. : B
Bias Cond. : 303
N ) —r———l—l— -t
j;:i._zgj '*I"J -1 Seales
Bt ) RSO
; - Xour o ~, Input ~ 0.005 v/div
| ot
e e o -1 - - . -
- y . X - 0.00093 in/div
s d out
ifffj?inﬁ }
BT S
R e T B e
Vo ] |

Figure 103, Output bidelity @ ¢.5Hz & 1| He @ 17 Input - Load B - 307 Bias
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93 through 95 are representative of the output fidelity of the system with no
load and with the active channels sychnronized together. Note that at 3 Hz,
there is very lictle distortion and the output closely resembles the input
sinusoidal wave.orm,

Figures 96 through 98 with an input offset bias of 10% show output distortion

similar or less than that with 0% bias offset. The distortion at frequencies

from 0.1 Hz to 1 Hz appears less with a 10Z bias offseet than with O I bias

offset. The distortion at 2 and 3 Hz appears slightly worse with the 10% bias

offset. However, it appears that a bias offset of 10%Z does not greatly increase
N the output distortion at the 13 output level.

Figures 99 through 101 show the effect of an input offset bias of 20%. The .
effect (as compared to the output with 0% bias offset) of the 20% bias offset "
is quite noticesble. The output at ail frequencies shows "flat topping". At 2 b
and 3 Hz frequencies, the amplitude of the output is noticeable attenuated b
compared to the 0% offset bias output (reference Figure 95).

. . . i
Figures 102 through 104 show a severely distorted output at all frequenciles R
from 0.1 Hz to 3 Hz. The effect of the 30% bias offset is greatesnt at the s
higher frequencies with the output motion at 3 Hz almost disappearing. S
*

From the observed effects of the offset bias on the system output for the
lightly loaded couditions shown on Figures 93 through 104, it appears that bias
offsets greater than 10%Z have a significant negative effect on the output of
the system at small sign.l input levels. '

Output Fidelity vs Offset Bias ~ Asymmetrical Load C ~ 1Z Input

Figuree 105 through 116 show the effect of input offset bias on the output of

the system with load C applied and the input level at )% of the maximum

commanded input. As opposed to load B at 1% output deflection which provides '
little load on the actuator output, load C provides a significant offsei lcad )y
(4,675 1bs) towards midstroke position of the test actuator. These figures
illustrate the ability of the test system to respond to a dynsmic input signal

over the design bandpass 0. the system.

Figures 105 through 107 show the output waveform at 0% bias offset. Figure 105 '
and 106 show noticeable distortion of the output at frequenciea of 0.1 Hz, 0.25 :
¥z, 0.5 Hz and 1 Hz., The distortion amplitude is nomirally 13Z of the output

amplitude and is greater than that observed with load B at the same offset bias

{veference Figures 93 and 94). At 2 Hz and 3 Bz as shown on Figure 107, the 1
amount of distortion is reduced and the output appears only slightly distorted. N

Figures 108 through 110 show the output waveform at 102 bias oftset. As

. onposed to load B 10% bias offset results which showed little effect with a 102
o.fset bias, the output waveform with load C and a 10% bias offset degrades
noticeably (compared te the 0% offset bias). The degradation is primsarily a
distortion of the sinusoid withcut a degradation of the output amplitude. ;

Figures 111 through 113 shew the ourput waveform at 20Z bias ¢ fset. The
aupiitude of the distortion compon2cts is nominally 20% of the output
amplitude, and increases from that observed with lower input biases. The 0.1 Hz
through | Hz input frequemcies show a similar "ragged” modulstion of the output

"
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Scale:

Input - 0.005 v/div

xout = 0.00093 in/div

Figure 1% . OQutput Fidelity @O0.!Hz & .25 Hz @ 1% Input - Load C - 3C% Bias
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Date Prepared 10/18/83
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Scale:
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Scale:
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Figure 1'6. Output Fidelity @ 2 Hz & 3 Hz @ 1% Input - Load C - 307 Bias
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fundamental frequencv sinusoid. However, at 2 Hz and 3 Hz as shown on Figure
113, the distovtin. .s primarly & low frequency modulation of the output at a
low amplitude.

Figures 114 through 116 showvw the cutput waveform at a 30X bias offset. The
distortivn of the output is 3imilar to that with a 207 bias cffset with the
amplitude of the distortion increased., However, while with load B the output
for the 30% bias offset was severely attenusted, ocutput amplitude with load C
and the same bias remains relatively constant for all the input freqencies,

From the preceding Figures 105 through 116, it appears that the bias load of
load C reduces the adverse effects of bias offsets in the controi channeles.
However, the output fidelity is best with 0% offset bias (where the channels

are tracking together).
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SECYION V1. COMSIDERATYIONS AND ANOMOLIES
DYNAMIC FAILURE DETECTION CHARACTERISTICS AND ANALYSIS

Figure 117 shows the failure detection characteristics of the Boeing
wicroprocessor controlled actuator for sinusoidal failure iuputs. The three
curves presented on Figure 117 correspond to the number of ssmples sllowed with
an error above the failure detection threshold before a failure is declared.
The figure shows that the detection level is frequency dependent. For example,
with the 12 iteration setting the failure logic detection level is maintained
at the .. ic failure detection only out to 1.5 Hz, Above this frequency, the
amplitude required for an input failure declaration rises to more than 10 times
the lowv frequency level. For the 6 iteration curve the failure detection
amplitude remsins relsatively constant from O to 3.5 Hz. The 3 iteration
failure detection curve maintains a constant amplitude up to a 10 Hz frequency.

The inability of the detection logic to maintsin a uniform detection level is a
direct result of the time interval before a faiiure is sllowed tc be declared.
This is quite apparcat for the 12 iteration care where the sample time during
which a failure must be above the failure detecticn *h—2sheld is 0.192 second
(corresponding to a 60 H» sampling frequency). At an input frequency of 3 Hz,
the input sigonal amplitude passes through zero every 0.165 second. This is
always irue at this frequency indepeudent of amplitude. The 0.165 second is
less than the 0.192 second required for a failure declaration. A zoxrespoanding
point of failure detection failure occurs on the 6 iteration curve at 5 Hz. At
3 Hr the sinusoidal input passes through zero every 1.1 second. This is very
close to the 0.096 second failure declaration time delay. At this input
frequency, the amplitude of input signal for a failure declaration rises to

more than 6 times the low frequency detection level. This same problem at 10
Hz can be predicted for the 3 iteration failure declaration time delay of 0.048

second. A 10 Hr sinugscidal signal passes through & zero amplitude every 0.05
second.

Although faiiure detection methcds must tolerate input tramsients without
nuisgnce failure declaration, the sample time delay threshold mechanization has
the demonstrated wezkness. For any selected time delay. there is a sinusoidal
input frequency above which failure detection is not well maintained. A better
approach to failure detection would be a method which looks at both the
amplitude and duration (input time history) of the failure imput. An actustor
(or an esircraft) integrates a failure transient with the integration rate
dependent on the amplitude of the tramnsient. The output amplitude deviation is
dependent on the input transient duration. A detection acheme that looks at
the product of amplitude and duracion and time (reslly a measurement of the
area usnder the feilure amplitude time history curve) would he a realistic
failure detection method.
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A PROBLEM WITH SAMPLING AND REU:;iING FAILED CHANKELS

The test system’s failure detectiot mechanization uses a combination of
ariplitude threshold and persistence criteria for dcclaring the failure of a
faulty channel (and initiating recoufiguraticn). The criteria require the
failure detection amplitude to ve exceeded 2 specified number of consecucive
sanples before a failure is declared. Im a similar maaner, once a channel has
been declared to be failed, it will contirnue to be sampled and will be declared
good again if no failure is detected for a given number of consecutive samples.
More samples are normally specified to remove the failure declaration than to
. make it.

There is a prob’sm with the apprcach of sampling failed channels and reusing

’ them if they appear good. The failure logic, with & particular sequence of
input or channel failures, cam be "fooled" into mnot correctly detecting input
failures. Such a sequence of failures, as illustrated on Figure 118, is not
improbable in the normal operation of a flight control system. The sequence
which focle the system is one in which a slowly changing input signal (varying
from + to - veltage and back) is sequentially applied to the &4 inputs. Upon
exceed.ing the failure threshold for the c.lected time {(iterations), the chaanel
with the failure input is declared failed. TFor a elowly varying failure input
signai (for example a s.ow drift), the channrel with the failure input can
subgequently agree with the other channzl inputs long enough for the channel to
he declared "200d" and vsed again in the voting logic. If another subsequent
input failure which is egimilar to the fivst occurs with a second chaunel during
the time where the previously failed (and uncorrected) chauuel appears 8co4,
there are now two channels with the same { 1lure input and two channels with
the correct input. The failure logic does nol have the capability to correctly
identify the failures and vote them out. The attempt to extend the failure
tclerance capnbility of the system by monitoring failed channels for potential
reuse has previded the fasilure logic with the same problem it would encounter
vith simultaneous "like" failures. The difference is that the simultaneous
"like" failures require that the two failures occur within a very shert cime
(tae time for the specified failure vote iterations) while the slowly varying
input failures can have an jundefinitely long time (ss long as the first failed
input stays within failure difference amplitude window) in which they can occur
and {ool the system. Figure 118 illustrates the prublem.

As shown in Figure 118, the same slowly varying rvamp input is applied
sequentially to channel 1, 2, 3 and 4 inputs. This is the same input failurce
test condition used in the unloaded failure transients measurements (reference
Figure 24). However, for Figure 24, the failure status removal iteratious were
adjusted to the maximum value available (300) to prevent fooling the failure
logic for the particular input ramp rate used for the test. Figure 118 shows
the results of using the system’s normal 9 iteration (or sample) criteria for
the failure status change.

The ramp failure is first applied to chamnel 1. Note that the input voltage
ranp slope is 0,625 velt/second. The input difference for the failure

detection level equivalent to 352 the spool stroke ie 0.266 volt. A: the ramp
slope used, it takes 0.425 gecond to change 0.266 volt. However, the time
required to vote a failed chanbel good (with 9 iterations at 0.025
second/iteration) is 0,225 second. As the ramp passes through the 0 input
level, the failure input amplitude is less than the failure detection threshold
for 0.425 second, and is voted good after 0.225 second. A second similar




TEST ITEM ~ Boeing Recoufigurable Fail Operative Date
Fly-By-Wire Servoactuator Prepared 10/30/83

TEST - Failure Transients ~ Condition 22A Normal Setup
(9 iterations to delcare a '"corrected" failed channel "good")

kﬁﬁ-+—-Fall Indicate 1 -
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Fipure 118. Failure Transients - With Normal Failure Status Removal
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failure input to channel two is applied before the chanrel 1 input moves
through the detection amplitude threshold (including the time for 3 iteratioms
tc be declared failed) and channel 1 and 2 both have the same inputs. After
this second inrput failure, both sections of the actuator remain active, one
section with a ramp input and one section with a null input. At this point,
the actuator halves fight each other and there is little movement in reponse toO
the ramp. Note that it this condition, a rormal input into channels 3 and 4
would not create & correct output motion of the test actuator because of the
fecrce fight. Upon a third failure into chsnnmel 3, the test system output
tracks the failure inputs, rather than the correct null input.

The situation can be helped for a specific set of irput signals by adjusting
the number of iterations necessary for declaring a failed channel good.
However, for auy iteration number picked, another set of input signal failures
can be selecied which will still fool the failure logie. It ie therefore
recommended that the technique of reueing previously failed channels be
deleted from the system.
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PISTON SEAL DESIGH CONSIDERATIONS FOR THE TEST SYSTEM

During the initial uploaded testing of the test system, it was determined that
the actuator used with the test system had defective piston seals. Disassembly
of the actuator revealed that both halves of the actuator had pistone with seal
retaining grooves whose walls had failed mechanically. The actuator rod and
pistons were replaced prior to generstion of the data presented in this
document. Figures 119 through 122 show the failed actuator pistons after
disassembly, Figure 119 shows the actuator rod assembly with both pistons. The
actuator vrod is mgde in two sections which ie screwed together after insertion
in th actuator body. As shown in this figure, the fsilure c¢f one piston seal
is quite apparent. Figures 120 and 121 are close up views of the failed piston
seal, showing the mechanical faiiure of the metal wall retainiug the Teflon
seal rings. Although it is not as readily apparent, the second piston also had
a similar mechanical failure. The crack at the bottom of the groove was
sufficient to allow leakage, but had not resulted in a physical distortion of
the retaining wall., This piston seal 1s shown in Figure 122. Note the
smearing of the Teflon split ring seal across the face of the piston.

The actuator used with the test system had been designed and qualified for
operation with a tandem flow centrol spool valve with the flow control edges
ground to mateh. For this type of control valve, the force fight between the
two sections is minimized and remains constant. The actuator pistons normally
have small differental pressures most of the operating time.

Kl
<
y

With the test system, the flow control spools move independently. Since thc
valves are manufactured as high pressure gain valves (develcping full system
pressure st the output ports with small ipnput currents into the valve), there
is a normal force fight between actuator sections. The actuator pistons
constantly being subjected to & differential pressure magnitude of full aystem
pressure. In addition to a coustant level force fight between the actuator
sections due to the servovalve null conditions, the noise content of the
control inputs to the servovalves cause changes in the output pressures of the
servovalves, These pressure changes provide a comstantly changing stress level
in the seal ring retaining walls. The combination of a large wagnitude and a
constantly varying force fight creates both a seal life (as shown by the
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Figure 119. Actuatcr Rod & Piston Assembly with Body
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Figure 120. Failed Piston Seal | - Side View
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Figure 121. railed Piston Seal
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smearing of the piston seal) and 2 fatigue stress problem for tie piston seal
design. The failure of the pistone on the test actuator provide a good
demonstration of the problem. Pressure feedback compensation can reduce the
level of force fight and provide an improvement in small signal distortion.
This will reduce the amount of bias offset between active channels but will not
correct for the noise content of the commsnd channels causing copstantly
varying differentisl pressures acroes the actuator drive areas. The sctuators
used with control systems like the test system should be designed for large
amplitude, constantly varying differential pressures across the drive pistons.
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